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PREFACE. 



The following work has been prepared to meet a want 
experienced by myself in my course of instruction in 
Thermodynamics. 

After reading several works upon the subject, including 
those of the founders of the science — Rankine, Clausius, 
Thomson — I was most favorably impressed with the spirit 
of Bankine's mode of discussing the subject. It is in keep- 
ing with the modem method of treating Analytical Mechan- 
ics, in which the analysis is founded upon ideal conditions 
established by definitions, and the resulting formulas modi- 
fied to represent the infinite variety of conditions in nature. 

But Kankine's giant-like processes are not adapted to the 
wants of the average student. Article 241 of his Steam 
Engine and other Prime Movers reaches the height of 
sublimity in regard to terseness, comprehensiveness, and ob- 
scurity. Without a proper preliminary, he crowds into a 
few words a principle which has cost other writers protracted 
labor and heroic efforts to establish. 

My aim has not been to bring down the subject to the 
comprehension of the reader, but to lead him up, by a more 
easy and uniformly graded path, to the same height, and at 
the same time familiarize him with the way by a free use of 
illustrations, exercises, historic references, and numerical 
examples. 



IV PBEFACE. 

The body of the work contains a development of the es- 
sential principles of the subject, to which I have added an 
Addenda, for the purpose of enlarging upon the matter con- 
tained in some of the articles, more especially those pertain- 
ing to vapors. This enabled me to follow the thread 
of subject more closely without turning aside to consider 
applications to a variety of substances, and to enlarge more 
freely upon those secondary matters when separated from 
the body of the text. 

Special attention is called to the graphical representation 
of internal work, as in Figs. 86 and, 37, supposed to be new, 
as well as many of the exercises and the discussion of En- 
tropyy or the Thermodynaraio JFunotion. 

Dk Volson Wood. 
HoBOKKN, Sept., 1888- 



THIRD EDITION. 

The treatment of the theoretical part of Thermodynamics, 
including its application to the steam engine, as far as page 
180, is the same in this edition as in the first and second 
editions. Since the first edition there have been added the 
following subjects : Vapor Engine ; Sterling's Engine ; 
Ericsson's Hot- Air Engine ; Gas Engine ; Naphtha Engine ; 
Ammonia Engine ; Steam Injector ; Pulsometer ; Com- 
pressed- Air Engine ; The Compressor ; Steam Turbine ; Re- 
frigerating Machines ; Miscellaneous matter in an Addenda ; 
Combustion of Fuel ; Steam, Ammonia and other Tables. 
The Ammonia Tables have been computed from the formu- 
las of the author and are new. 

The Author. 

August, 1889. 
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THERMODTNAMIOS. 
CHAPTER I. 

FUNDAMENTAL PBINCIPLES AND OENEBAL EQUATIONB. 

1. Heat is energ^y. — Energy is a capacity for doing 
work, and it has been shown in many ways that heat, by its 
action npon substances, can do work. Thns, it may cause 
steam to drive a piston ; it causes solids and liquids to ex- 
pand, and changes the molecular condition of bodies, as 
when solids are fused or liquids vaporized. Heat is also 
recognized as a sensation. 

2. Heat is not material. — A body has the same 
weight when hot as when cold. Count Kumf ord, in 1798, dis- 
covered that he could boil a large quantity of water by the 
heat produced in boring a piece of cannon. Sir Humphry 
Davy (about 1799) melted ice by rubbing two pieces to- 
gether without heat being imparted to them. 

3. Heat consists of a motion of the particles 
of a body. — The only known method of directly meas- 
uring energy is by a combination of mass and velocity ; thus, 
if 771 be the mass of a body and v its velocity, then will its 
kinetic energy be i mv*. The mass being constant while the 
body is heated we infer that its heat energy is produced by 
the velocity of its mass elements. These motions are in- 
visible, and hence their character can only be inferred ; it 
may be a motion of the ultimate atom, or of an atmosphere 
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about the atom, a vibratory or periodic motion of some iiody 
or a combination of simple motions. It is probably not a 
to-and-fro rectilinear motion of the molecule. A develop- 
ment of the theory of heat, fortunately, does not require 
a knowledge of this motion, or even a particular hypothesis, 
beyond the fact that there is a motion of some kind. Rankine 
constructed an hypothesis called "molecular vortices," from 
which he deduced many important consequences pertaining 
to heat. (See Ediriburgh Trana.y vol. xx. ; PhUoaojphical 
Mag,, 1851 and 1855.) 

4. Velocity of heat. — The perfect identity of the 
laws of radiant heat with those of light as to reflection, 
refraction, interference and absorption, and the identity of 
their velocities, being 186,300 miles per second, requires 
essentially the same theory as to their nature and mode of 
propagation. Electricity is also a form of energy and gov- 
erned by laws similar to those of heat. As light is trans- 
mitted by means of a subtle ether pervading all space, and 
called the hmrmiiferoua ether, so it is believed that the same 
ether transmits heat, electricity and magnetism. (See Ap- 
pendix.) 

5. Heat-energy is measured only by its ef- 
fects. — The kinetic energy of a mass may be computed if 
its mass and velocity are known, or it may be determined by 
the work it does in being brought to rest, but since the ve- 
locity of the particles producing heat cannot be measured, 
heat-energy can be measured only by its effects. Thus, if 
a ball of hot iron would just melt one pound of ice, and 
after being heated again would just melt two pounds of ice, 
then would the ball in the second case have contained twice 
the heat above the melting-point of ice that it did in the 
first case. Similarly, it requires about twice as much heat 
to raise the temperature of a given amount of water two 
degrees as it does one degree. The same principle applies 



[6, 7.] THE THEBMAL UNIT. 3 

to other bodies of one substance having different weights 
and to bodies composed of different substances, or to hetero- 
geneous substances. For scientific purposes some specific 
effect must be assumed as a etcmdard^ and considered as a 

6* The thermal unit is the heat necessary to raise the 
temperature of unity of weight of water at its maximum 
density one degree. 

Water is at its maximum density at 39.1® F. (4° C). Ac- 
cording to the experiments of Kopp, its volume is 1.00012 
at 32° F., 1.00000 at 39.1° F., 1.00011 at 46° F., and 1.04312 
at 212° F. 

The British Thermal Unit (B. T. U.) is the heat neces- 
sary to raise the temperature of one pound of water f ix>m 
39° F. to 40° F. 

The French Calorie is the heat necessary to raise the tem- 
perature of one kilogramme of water from 4° C. to 5° C, and 
is 3.968 times the B. T. U. 

Some writers, in defining the thermal unit, start the meas- 
urement with the temperature of melting ice, instead of at 
39° F., and although there is but little difference between 
the two values thus obtained, yet for scientific purposes and 
for physical reasons, the latter is preferable, and should be 
generally adopted. 

7. Work. — When heat-energy disappears as heat, it must, 
according to the principles of the conservation of energy, 
appear or exist in some other form of energy. When the heat 
in steam drives the piston of an engine, the steam loses heat 
by the operation, and an exact equivalent of the energy 
80 disappearing reappears as work done or as energy in 
the moving parts of the engine, no allowance being made in 
this illustration for losses due to radiation or friction. To 
aid one in this conception conceive tliat one end of the cyl- 
inder is filled with small, perfectly elastic balls, bounding 
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and rebounding between the head of the cylinder and the 
piston ; they will, by their continued action, produce a pres- 
sure upon the piston. If the piston moves forward the 
energy of the balls will be diminiched, as is shown in me- 
chanics in the discussion of the impact of elastic bodies, and 
this loss of energy will equal that imparted to the piston, or, 
if the piston moves uniformly, equal to the work done. In 
general, when heat-energy disappears it is said that an equiv- 
alent amount of work has been done, although the entire 
work may not be visible energy. Some of it may produce 
molecular changes in the substance. In the preceding illus- 
tration, if the piston be forced inward against the rebound- 
ing balls, tlieir velocity will be increased, and hence their 
energy will be increased by an amoimt equal to the work 
imparted to them by the piston. 

8* Internal work is some kind of effect produced 
upon the molecular character of a substance. Thus, if one 
pound of water at 32'' F. be mixed with one lb. at 33° F. it 
will produce two pounds of water at 32J° F., but if one 
pound of ice at 32° F. be mixed with 1 pound of water at 33° 
F. the temperature of the mixture will be 32° F. Indeed, 
it is found by experiment that it will require about 144 
pounds of water at 33° to melt one pound of ice producing 
145 pounds of water only a very little above 32° F., so that 
nearly all the heat between 32° F. and 33° F. in the 144 
pounds of water is necessary to change solid water (ice) at 
32° to liquid water at the same temperature. Similarly, a 
large amount of heat is absorbed in changing liquid water 
at 212° F. to gaseous water (steam) at the same temperature. 
This disgregation of the molecular structure is called internal 
work^ or energy of a potential form. 

9. The actual heat-energry of a substance is de- 
pendent upon its temperature. The heat absorbed by a 
substance may do external work, as in driving a piston, and 



[10, 11, 12.] LATENT HEAT. 8 

internal work, as shown in the preceding article, and in ad- 
dition to both it may increase the temperature of the sub- 
stance, thus increasing its energy. The last is called actual 
energy. The actual energy is some function of the tempera- 
ture. 

10. Latent heat is heat which produces effects other 
than that of change of temperature. Strictly speaking, it is 
not heat, but is a measure of the heat which has been de- 
stroyed in producing effects other than that of changing the 
actual energy of the substance. Thus, heat becomes latent 
in producing changes in the state of aggregation of the sub- 
stance, as in fusion, yaporization or sublimation ; and as defined 
in Article 8, constitutes internal work. But it also becomes 
latent in doing external work by expansion, and if the tem- 
perature be maintained constant during expansion, the heat 
destroyed in doing the work is called the latent heat of 
expansion. 

11. General expression. — The total heat in a defi- 
nite weight of any substance is unknown, although if gases 
were perfect it might be computed, as will hereafter be 
shown ; but it is possible to find expressions for the heat ab- 
sorbed in passing from one known state to another, for we 
have 

Seat absorbed = change of actical energy + change of 
potential energy + eastemal work / 
= total change of internal energy + exter- 
nal work / 
= change of actual energy -f- total work. 

In this expression the total internal energy includes all the 
heat involved both in changing the temperature and the in- 
ternal structure of the substance. 

12. Temperature is a condition of relative heat. Ex- 
perience shows that when two bodies, one hotter than the 
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other, are near each other, the hot body becomes cooler and 
the cooler one hotter. Heat of itseK passes from a hotter t<> 
a colder body, and this process cannot be reversed except by 
an expenditure of mechanical energy. The hotter body i» 
said to have a higher temperature than the colder one. 

Temperature is not an indication of the quantity of heat 
absorbed by a body, nor of the amount of heat in a body, 
but of the intensity of the heat. Thus, if a pound of iron 
has the same temperature as a pound of water, the latter will 
contain about eight times as much heat as the former for each 
degree, as would be found by putting each pound into an- 
other quantity of some liquid at a different temperature. 

Temperature is a measure of the sensible heat — that is, 
actual heat — which can affect the senses. 

13. Thermometers are instruments for measuring 
differences of temperature. The more common ones depend 
for their action upon the expansibility of a liquid — such as 
mercury or alcohol. The liquid is confined in a tube as 
nearly cylindrical as possible, within which it expands. 
When the expansion of metals is employed for determining 
temperature, the instruments used are called pyrornetera. 

The air thermometer depends for its action upon the 
pressure produced by heat at constant volume. 

All thermometers have two fixed points : one the melting 
point of ice, the other the boiling point of water at atmos- 
pheric pressure. 

The melting point of ice is a more nearly fixed point 
than the freezing point of water. In some carefully con- 
ducted experiments water has been reduced several de- 
grees below the ordinary freezing point, 32° F., before freez- 
ing. To secure such a result, the water must be kept in a 
condition of as perfect rest as possible. The boiling point 
of water depends upon the pressure to whicli it is subjected ; 
and since the pressure of the atmosphere is continually 
changing, as shown by the barometer, the pressure of one 
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atmosphere must h^ fixed for scientific purposes. The value 
determined by Kegnault, and now generally adopted, is 
2116.2 pounds per square foot, or 14.7 pounds, very nearly, 
per square inch. In determining the boiling point of water the 
thermometer should be placed in the vapor near the water. 

The Fahrenheit scale hafl 180 equal divisions between the 
fixed points, and the zero of the scale is 32 such divisions 
below the melting point of ice. It is designated by F,^ or 
Fahr. 

The Centigrade scale has 100 equal divisions between the 
fixed points, its zero being at the lower or melting point of 
ice. It is indicated by C. It is sometimes called the Celsius 
scale. 

The Eeaumur scale has 80 equal divisions between the 
fixed points, its zero being at the lower. 

To reduce the readings of one scale to those of another, 
the following equations may be used : 

^=-|(i^-32°); J^=| C7+32°; i? = f ^ 

The construction here implied assumes that liquids ex- 
pand equally for equal quantities of heat, and that the 
tabes containing them are uniform ; but neither of these 
conditions are exactly realized, the practical considerations 
of which belong to Thermometry. 

14. The Air Thermometer. — In order to gain an 
idea of an elementary air thermometer, conceive a small, 
perfectly cylindrical tube closed at the lower end to contain 
a quantity of air, limited at its upper end by a drop of 
mercury acting as a piston. Subject this instrument to the 
temperature of melting ice under the pressure of one atmos- 
phere, 29.922 inches of mercury, and mark the upper end of 
the air column ; then, next subject it to the temperature of 
boiling water under the same pressure and mark the upper 
end of the air column at this temperature. The two marks 
will be the fixed points before described. If the length of 
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the column from the lower end to the lower mark be unity, 
then will its length to the upper mark be 1.3665 as found by 
Kegnault. The expansion is 0.3665 of its original volume. 
For the Fahrenheit scale the space between the fixed points 
would be divided into 180 equal parts, and hence each part 
would be ^^\P- = 0.00203611 of the distance below the 
lower fixed point. If the length below the lower fixed point 
be divided into equal parts of the same magnitude, the num- 
ber of such spaces will be, 

1 180 



0.00203611 ~" 0.3665 



= 491.13. 



It these parts are numbered according to the natural 
numbers, 0, 1, 2, 3, etc., beginning with zero at the extreme 
lower end of the tube — called the absolute zero of the air 
thermometer — then would the temperature of melting ice 
be 491.13** F. from the absolute zero of the air thermometer, 
and itiSjC^ ef boiling water 671.13° F. from the same zero. 
If^alr were a perfect gas, this would constitute an absolute 
scale, but as it is not, a correction is required in order to es- 
tablish such a scale. For air thermometers the pressure at 
constant volume is commonly u^d, instead of the volume at 
constant pressure as above described. 

15. A perfect gas is defined to be such that, under a 
constant pressure, its rate of expansion would be exactly 
equal to the rate at which it absorbs heat, and, the volume 
being constant, increments of pressure ivill be equal for 
equal increments of heat. In other words, it would be a 
substance in which no internal work would be done by 
changes of temperature or pressure. No such substance is 
known — it is icleal, subjected merely to a definition and to 
laws to be assigned — and yet it is of great service in this 
science. The idea of a perfect gas was the result of ex- 
periments upon existing gases, as air, oxygen, hydrogen, etc., 
which, at first, were supposed to be represented by the per- 
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feet law. In mechanies, at the present time, the bodies 
treated are, at first, the subjects of definition, and considered 
perfect, as perfect aolidsj perfect liquids^ perfectly elastic^ 
etc., and the results obtained from these hypotheses made 
practical by the introduction of moduli the values of which 
are found by experiments. The same method is adopted in 
this science. 

16* An absolute scale is one whose divisions would 
be indicated by a perfect gas thermometer. On such a 
scale the divisions would be exactly equal for equal incre- 
ments of heat down to the zero of the scale. Since a per- 
fect gas is unknown, the zero of the absolute scale can be 
determined only approximately by computation, as will be 
shown hereafter, where the best result yet obtained fixes 
it at 492.66° F. below the melting point of ice. The letter 
F. here aflSxed implies that there are 180 divisions between 
the fixed points, as in Fahrenheit's scale. This zero on the 
centigrade scale is | of 492.66° = 273. Y° C. Temperature 
on the absolute scale will generally be indicated by the 
Greek letter r, and the temperature of melting ice by r,. 
If T° F. indicate the temperature from the zero of the Fah- 
renheit scale, and T° C. from the zero of the centigrade 
scale, we will have 

r, = 492.66^ F = 273.7° O. 

r = 460.66° i^+ T° F. 
= 273.7° C+ r C. 

It is found that air is so nearly a perfect gas within the 
ranges of temperature and pressure for which it has been 
tested that it may be considered as such for all practical 
purposes, and will be so considered theoretically except in 
the determination of the place of the zero of the absolute 
scale. Further, the ordinary mercurial thermometer agrees 
sufficiently well with the air thermometer for the more or- 
dinary ranges of temperature met with in engineering prac- 
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tice to be used in such cases. But for scientific purposes 
and for extreme cases in practice, the diflEerence is too large 
to be ignored. Kegnault found that when the air ther- 
mometer marked 630° F. above the melting point of ice, the 
mercurial thermometer indicated 651.9° above the same 
point, a diflEerence of about 22°. Liquids generally expand 
more rapidly the higher the temperature. 

17. The absolute zero of temperature is the 

zero of the absolute scale, and corresponds to the condition 
of total deprivation of heat ; at which temperature no sub- 
stance could exercise any expansive power. This tempera- 
ture has never been reached, and the nearest approach to it 
has been produced by expansion in liquefying air, oxygen and 
nitrogen, reaching — 373° F. (—225° C), or more than | the 
distance from the zero of Fahrenheit to the absolute zero. 
{Comptes RenduSy Feb. 9, 1866 ; Jour. FranTc, TnsL^ Sept. 
1886, p. 213). The absolute zero is about 492.66—491.13 
=1.5 degrees Fahr. below the zero of the air thermometer, 
as computed on the hypothesis of the same rate of contrac- 
tion of air below 32° as from 32° to 212°. This law might 
change as the temperature was extremely reduced, but it 
would continue uniform for the ideally perfect gas. 

18« The equation of a gas is an equation expressing 
a continuous relation between its volume, pressure and tem- 
perature throughout a finite range of the same. Let p be 
the pressure on a unit of area of the substance when the 
volume of one pound is v and absolute temperature is t, 
then, generally, 

which may be considered as the equation to a surface, called 
the thermodynamic surface. 

19. Equation of a perfect gas. — According to the 
definition in Article 15, 

{p\ oc r, and (v)p a r. 
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where the subscripts represent the quantities which are 
constant while the others vary, and combining these in one 
expression, we have 

or, J>^^J>,^. (1) 

where j[?„ v„ r^ are contemporaneous fixed values. Let jp, 
be the pressure of one atmosphere, r, the absolute temper- 
ature of melting ice, and v^ the volume of one pound of the 
gas at that pressure and temperature, then will equation (1) 
become 

JJi = Ai!e=i?(say), (2) 

^ ^« 

which is the equation required. The values of p^ and r, 
have already been given and are independent of the nature 
of the gas, but v^ depends upon the density of the gas. A 
cubic foot of dry air weighs at sea level at the temperature 
of melting ice 

w^ = 0.080728 pounds; 
hence, 

1 

V, = = 12.387 ; 

0.080728 

. p.v, _ 2116.2 X 12.387 _ 26214 _ gooi 
" r, ~ 492.66 ""492.66 * ' 

when r, is measured from the zero of the absolute scale ; 
but if it be from the zero of the air thermometer, we have 
£^=26214^^533^ 
r, 491.13 ' 

and equation (2) becomes, 

for the ahadute seale^pv = 53.21 r, (3) 

Jbr the air thermometer, pv = 53.37 r, (3') 

For French units, let 

Pt = the pressure of one atmosphere in kilogrammes per square metre, 
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«e' = the volume of a kilogramme of the gas in cubic metres, 
To' = the absolute temperature of melting ice on the centigrade scale ; 
then 

?i' Jl!L = 2.2 ^ (8.28)« _. 1 p, Cp 

To' iu 1.8""" - ' 



which for air becomes in kilogramme — ^metre— centigrade units (k. m. c), 
omitting the accents, 

pv = 29.20 T ; 
and in decimetre— kilo. — centigrade units, 

p tj = 2.920 r. 

20. Mariotte's law. — If the temperature be con- 
stant, equation (2) shows that the volume varies inversely as 
the pressure ; a law discovered by direct experiments upon 
gases, and known as Mariotte's law, supposed by some to 
have first been discovered by that investigator, but by others 
this credit is given to Boyle. For a time after the announce- 
ment of the law it was supposed to be perfect for the so- 
called permanent gases, but more refined experiments have 
shown that the actual law governing them is only a very 
close approximation to it. 

21. Law of Gay Lussac (or of Charles). — According 
to equation (2), if the pressure be constant, the volume will 
increase directly as the temperature, or 

P 
a law discovered by Gay Lussac (or, according to some, by 
Charles) by experiments upon actual gases, and known as 
the law of Gay Lussac. At first it was supposed to be the 
perfect law of the so-called permanent gases, but it is now 
known not to be exact though very nearly so. Originally, 
it was not stated in terms of the absolute temperature, as that 
term was not then known, but the law of the increments is 
the same on any thermometric scale. 

22. The so-called imperfect gases include all 
such as cannot be represented with sufficient accuracy by 
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equation (2). All known gases are imperfect, strictly speak- 
ing, but the permanent gases are so nearly perf i^ct that they 
may, for engineering purposes, be considered m perfect. No 
single formula can represent exactly the law of imperfect 
gases, but the most comprehensive one, and one which may 
be made to represent actual substances with sufficient ac- 
curacy for practical purposes, was deduced by Rankine from 
his theory of Moleoula/r VbrticeSj and is 

El = Pi^_^^^^_%_c&c., (4) 

in which a„ dj„ a„ &c., are functions of the density to be 
determined by experiment ; but as the theory here referred to 
is not a recognized part of science, the formula is accepted 
only so far as it conforms to the results of experiment. 
(Eankine's 8c. Papers^ 32.) 

For carbonic acid gas the form of the equation, as coi- 
firmed by tho experiments of Regnault, becomes 

PV^^i^T-J- = Jir - ^, (5) 

T, TV TV 

in which p, = 2116.2, v, = 8.1572, j>, v, = 17262, r, = 
492.66°, I = 48160C ; 

.^^^35r_481600 ^ 

V r V* 
Sir William Thomson and Dr. Joule used, for imperfect 
gases, the formula, 

^.= i5>r-(«-^ + r,)l-, (7) 

in which for air the constants for Frencli units are 

Ji = 2.8659, a = 777386, p = 844560, y = 214325840. 

{PhU. Trans. [1854], cxuv., 360). 

23. Thermal lines. — Any line the co-ordinates of 
which represent the contemporaneous relation between the 
pressure, volume, and temperature of a body subjected to 



14 THERMODYNAMICS. [24.] 

thermal conditions, is a thermal line. Ideally, it may be 
any line on a thermodynamic surface; actually, the prcffeo- 
tion of a thermal line on any one of the co-ordinate planes 
is called a thermal line, and geometrically it is called the 
pdth of the jhiid^ although the latter refers to the projec- 
tion on the co-ordinate plane, p v, unless otherwise stated. 
Thermal lines on the plane pv constitute a dioffram of 
energy. If the pressure^ be constant, the line is called an 
isobar ; if the volume v be constant, it is called an iso- 
metric. Thermal lines were introduced into this science by 
M. Clapeyron. 

24. Isothermal lines represent the relation between 
the pressure and volume when the temperature is maintained 
constant. In equation (2) if r be constant we have 

pv = Rr z=z m^ (8) 

for the equation of an isothermal of a perfect gas. It is an 
equilateral hyperbola referred to its 
asymptotes as shown in Fig. 1, in which 
a \% the axis of the hyperbola, the 
branches of which will be asymptotic 
respectively to the axes v and Op ; 
O V being the axis of volumes and Op 
the axis of pressures. 

FIG. 1. EXERCISES. 

1. Construct an isothermal for air 
considered as a perfect gas. 
Assume a temperature of 60* F. or call it 520* F. absolute, then 
pv = 27669 




« = 10, 


p = 2766.9 


« = 100, 


p = 276.69 


v=p. 


p = 166.4 


u = 1000. 


p = 27.669 



Sec. &c. 

These numbers are so large we take liirof their values as inches, or parts 
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of an inch, and construct the curve as in Fig. 2. But for the equilateral 
hyperbola it is unnecessaiy to compute any co-ordinates except for the ver- 
tex c; for, having found c by making |? = « = 
Oa = ac, bisect Oa at (2 and make de =i2ac, 
Ac. ; and make Og = 20a and g h = iae, &c. 

2. Construct an isothermal for air at 
the temperature of 1° F. absolute. 

8. Find the vertex of the hyperbola 
of the isothermal for air whose tem- 
perature is r == 400° F. 

4. Find H for the following gases : fig. 3. 

For hydrogen, v. = 178.83, Ji = 
nitrogen, v^ = 12.75, Ji = 

oxygen, v^ = 11.20, jR = 

6. Find the value of ^ in French units for hydrogen. 

6. Find the equation to the isothermal for carbonic acid 
gas for the temperature T = 60° F. 

7. What is the volume of air, considered as a perfect gas, 
under the pressure of four atmospheres and absolute tem- 
perature of r = 800° ? 

8. If the heat in one pound of carbon is 14500 B. T. U., 
how many pounds of carbon completely consumed are neces- 
sary to increase the temperature of 2000 pounds of water 
45° R? 

9. How many kilogrammes of water would be raised 
25° C. by the heat in one poimd of carbon ! 

10. On a diagram of energy draw on the plane v r the 
locus of the path of a perfect gas when the pressure is con- 
stant. 

11. Find the pressure per square inch of two pounds of 
air when its volume is one half of a cubic metre and its ab- 
solute temperature is 500° C. 

12. Show that all isothermals of a perfect gas are asymp- 
totic to each other as well as to the co-ordinate axes j? and v. 

13. What is the temperature of a pound of air when its 
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volume 18 6 cubic feet and pressure 35 pounds per square 
foot? 

14. What is the weight of a cubic foot of air when the pres- 
sure is 50 pounds per inch and the temperature 160° F. ? 

25. Adiabatic or Tsentropic lines represent the 
relations between the volume and pressure of a substance 
doing work by expansion without transmission of heat. 
Conceive a gaseous substance to be enclosed in a cylinder 
having a frictionless piston, it will, by driving the piston, do 
work. It will be conceived that the external pressure is infin- 
itesimally less than the internal during expansion. The 
temperature of the enclosed gaseous substance may depend 
upon several conditions. If heat be properly supplied the 
temperature may be maintained con- 
stant, producing isothermal expansion, 
which may be represented by the line 
A by Fig. 3. Having performed that 
operation, bring the substance to its 
initial state -4, and conceive the ex- 
pansion to take place without any 




yj^ 3 transmission of heat, to do which the 

vessel must be considered as imper- 
meable to the passage of heat, in which case the external 
work will be at the expense of the heat-energy of the sub- 
stance, and therefore the temperature will fall as expansion 
proceeds, and the pressure will also fall on account of the 
loss of temperature, as shown by equation (2), and the line 
A d representing the continuous relation between the vol 
ume and pressure will be lower than the isothermal A h, and 
its slope downward greater for equal volumes. If the sub- 
stance be compressed from state A^ the line A e will be 
above the isothennal hAc. The line e A d^ representing 
the law of expansion or of compression without transmis- 
sion of heat, is by Rankine called an Adiahatw (from 
dta/SatvetVy to pass through), and by Gibbs, Clausius and 
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FIG. 4. 



others, Isentrapicj becaiise the entropy (a tenn to be con- 
sidered later) remains constant in this kind of expansion. 
Adiabatics are asymptotic to the axes^ and v and also to the 
isothermals. 

26. If a fluid, after a series of changes of pressures and 
volumes, returns to its initial state, the path of the fluid 
will be a re-entrant curve, as A and 
B^ Fig. 4, and in such cases the fluid is 
said to work in a cycle. 

27« A heat engine is a machine 
for continuously transforming heat into 
work. Such engines in practice work 
in cycles. 

28. Camot's cycle. This is a cycle performed by 
an imaginary heat engine, devised by M. Camot in 1824, 
and involves the most important fundamental principle of 
this science. The following is the operation : 

Let B^ Fig. 5, be a piston moving in a frictionless cylin- 
der, all parts of which are perfectly impermeable to the pas- 
sage of heat except the base F, Let 
the base of the cylinder be one square 
foot, so that the height of the piston 
will correspond with the number of 
cubic feet below it, and let the cylinder 
contain one pound of air, or any other 
gas. Let // be an indefinitely large 
vessel containing heat at a given tem- 
perature, and L another indefinitely large vessel contain- 
ing heat at a lower temperature, the initial letters, H 
and Z, indicating the relative temperatures. The vessels 
are assumed to be indefinitely large, so that, in imparting 
heat to a finite body, they will maintain a sensibly uniform 
temperature. Let If and If be plates, as large or larger 
than the base F of the cylinder, perfectly impermeable to 
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the passage of heat Two of these are used simply for con- 
venience of arrangement, so that the operation to be de- 
scribed, passing in the direction indicated by the arrows, 
will be the more suggestive of a cycle. Conceive the base F 
of the cylinder to be placed against the vessel H ; the pound 
of air in the cylinder will quickly become of the same tem- 
perature as that of H. While in this condition let the pis- 
ton move outward against a resistance which is continually 
infinitesimally less than the pressure within, — ^tlie tempera- 
ture will be constantly that of ZT, and the expansion will be 
isothermal. 

After the piston has been moved outward as far as desired 
in this manner, transfer the cylinder to the non-conducting 
cover iVand allow the piston to move outward still further 
by a gradual reduction of the external pressure ; — the press- 
ure and temperature of the substance will both fall, and 
since the walls of the cylinder are impermeable to the pas- 
sage of heat, the expansion will be adiahatic. Let the op- 
eration be continued until the temperature of the pound 
of gas in the cylinder has been reduced to that in the 
vessel Z. 

At the end of the preceding operation let the cylinder be 
removed to the vessel Z, and the piston then forced inward ; 
the heat generated by the compression of the pound of air 
will escape as fast as generated, and is said to be rejected or 
emitted into the vessel Z, the temperature of which will not 
be sensibly changed ; hence the temperature of the pound of 
air will be constantly that of the vessel Z, and the compres- 
sion will be isothermal. Let the operation continue to such 
a point that when the cylinder is removed to the cover W 
and tlie air compressed adiabatically until the temperature is 
raised to that in the vessel ZT, the volume will be the same 
as that at the beginning of the series of operations. 

To show these operations graphically, let J, Fig. 6, rep- 
resent the volume and h B the pressure of the pound of gas 
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in the initial state ; then will B on the diagram represent 
this state. 

First operation. When the cylinder is in contact with the 
vessel II J the expansion of the gas will be represented by the 
isothermal B C^ c being the final 
volume and c C the final pressure. 

Second operation. When the cylin- 
der is in contact with the cover N^ the 
expansion will be represented by the 
adiabatic C D^ d being the final 
volume and d D the corresponding 
pressure. 

Third operaMon. The compres- 
sion, when the cylinder is in contact with the vessel Z, will 
be represented by the isothermal line D A. 

Fourth operation. The compression when the cylinder 
is on the cover N' will be represented by the adiabatic A B. 

These, are the successive operations as indicated by Gar- 
net ; but it is more convenient, in describing the process, 
to begin either at the state C or A, on account of limiting 
the third operation. Thus, when the cylinder is on the ves- 
sel II and in the state (7, let it be transferred to iV and ex- 
panded along CD until the temperatilre is reduced to that 
of Z ; then transferred to Z and compressed along DA any 
desired amount ; thence transferred to'iV^ and compressed 
until the temperature is raised to that of ZT; then transferred 
to H and expanded along B Cto the state C. 

29. Source. The vessel from which the working sub- 
stance receives heat, as ^ in the above operation, is called 
the source. Similarly, the vessel receiving the heat emitted 
from the working substance, as Z in the above operation, is 
called the refrigerator. In engineering science these are 
called, respectively, tiie/umace and condenser. 

30. Work done. During the expansion from state B 
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to state C work is done by the gas while forcing the piston 
outward, represented by the area h B Cc^ and wluleexpand« 
ing from Cto D more work is done by the gas, represented 
by the area c C D d\ but during the compression from D to 
A work is done by the piston upon the gas, the amount 
being represented by the area d D Aa^ and work is still fur- 
ther done upon the gas in compressing it from -4 to J?, rep- 
resented by the area a A Bh. The difference between 
these works will be the external work done by the cycle of 
operations. We have 
-f J^ 6'(j -f- cCDd-- dDAa-^aABl^iABCD. 

31. Indicator diagTaii^* The diagram A B C D 
would be described by an indicator on Camot's imaginary 
engine ; and the area of an actual indicator diagram, taken 
from any engine, expressed in foot-pounds, is a measure of 
the heat destroyed in the cycle. It is in this sense that we 
speak of " foot-pounds of heat." 

32. Camot's cycle is reversible. In a complete 
cycle, if all the heat taken in is at one uniform tempera- 
ture, and all the heat rejected is at a uniform lower tem- 
perature, the operation is called Camot's cycle. Such a 
cycle is reversible^ for all the operations may be performed 
in precisely the reverse order, the final result, howeyer, being 

work done by the piston upon the gas in 
the cylinder, the energy of the gas thereby 
being increased by an amount represented 
by the area B A D C^ Fig. 6, expressed 
in foot-pounds. A reversible engine is also 
called a perfect engine. 

-^ J — NoTirreversible cycle. As an example 

FIG. 7. ^^ * non-reversible cycle, after the sub- 

stance has expanded isothermally while in 
communication with the source, represented by the line 
B C> Fig. 7, let it be transferred directly to the ref riger- 




[33.] CONDITIONS OF A REVERSIBLE CYCLE. 21 

ator — heat will be abstracted and the pressure may be 
reduced at constant volume, and hence without doing 
work, tlie operation being represented by the line CD. 
Then compress it isothermally when in communication witli 
the refrigerator along the line DA ; then transfer it direct- 
ly to the source, raising the temperature and pressure to the 
initial state B. This cycle cannot be performed in precisely 
the reverse order ; for the pressure cannot be reduced from 
B \xi A when the engine is in communication with the 
source, nor raised from D \x> C when in communication with 
the refrigerator. 

33. Conditions of a reversible cycle. In order 
that a cycle be reversible, the difference between the exter- 
nal pressure and the internal during a change of volume 
must be infinitesimal — during expansion the external being 
infinitesimally less, and during compression infinitesimally 
greater than the internal ; also during the transfer of heat, 
the difference between the heat of the substance and that of 
the external body shall also be infinitesimal — during absorp- 
tion being infinitesimally less than the source, and during 
emission infinitesimally greater than the refrigerator. The 
differences being infinitesimal, the quantities will in Jmite 
measures be equal. 

33a. It follows from the conditions of the preceding 
article, that if a closed cycle be bounded 
by the isothermals and adiabatics of any 
substance, the cycle will be reversible 
when worked with that substance. Thus, 
if there be an adiabatic compression 
along A J?, Fig. 8, an isothermal ex- 
pansion along B A\ adiabatic expan- ^^^ 
sion A^ B\ isothermal expansion B' A" ^ 
and so on back to -4, the cycle will be reversible*. 

Also, the cycle ABC D^ Fig. 7, may be made reversible by 
conceiving an indefinite number of sources of heat differing by 




THERMODYNAMICS. 



[84.] 




FIG. 9. 



d r, and passing down CD by an indefinite number of indefi- 
nitely short isothermal compressions and a corresponding 
number of indefinitely short intermediate adiabatic expan- 
sions as indicated in Fig. 9 ; and a similar 
reversed operation in ascending from A 
to B. 

34. The heat absorbed hy amth- 
8tan<^ in working from a state A to state 
B may he represented on a diagram, of 
energy hy the area induded between the 
path of thefl/uid ami the adiaibatics pass- 
ing through A and B respectively^ ex- 
tended indefinitely in the direction of the expansion^ Fig. 10. 
Let A be the initial and B the final states for the expan- 
sion v^ i?,, and the line A B the path of the fluid. Pass the 
adiabatics A ^, and B ^„ then will the indefinitely extended 
area g>^AB<p^ represent the heat absorbed by the substance 
in doing the external work v^AB v^^ in the same units as v^ v^ 
and ^\ A ; that is, if v^ v^ represents 
feet, and v^ A^ pounds, the area q)^ A 
B <p^ will represent foot-pounds. 

From the state B conceive the 
substance to be expanded adiabatically 
along B 9>„ doing work as against a 
piston, to the state (7, then will the 
external work v^ B C v have been 
done, without the absorption or emis- 
sion of heat ; and hence the reduction of temperature (and 
pressure) will be due to the transmutation of heat into work. 
At the constant volume v let sufficient heat be emitted to 
reduce the pressure to v .Z>, where D is on the adiabatic A ^,; 
from D compress the substance along Atp^to A^ during 
which the external work v^ A D'V will have been done upon 
the substance ; thence expand from A to B along the path 
A By during which heat must be absorbed. The only heat 
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absorbed in this cjele of operations is while working from 
A to By and the only heat emitted is in describing the path 
CD ; and rince the cycle is complete the ideally external 
work A B C D is the exact equivalent of the difference 
betwjeen the heat absorbed and that emitted, or 
^y, - Jh = v^B Cv + v,AB V,- vv.AD = A B C D 

— (p,A B €p^ — €p,D C <p^ 
where q^^ and 9, may be at a distance indefinitely great. 

Let (J D be moved to the right indefinitely — it will become 
less and less, and at tlie limit Jl^^ or (p^ CD <p, will be zero, 
and we will have 

Jly, -<P,AB(P^ 

for the heat absorbed. At the limit, q>^ and 9?, being at an 
indefinite distance to the right may be considered as coincid- 
ing, and the path <p^AB <p^2A re-entrant, fonning a cycle, in 
working around which, heat is absorbed only along the path 
A B. The enclosed area represents what would be the exter- 
nal work done if the substance could be worked in this 
cycle. If the external work, v^AB v^j actually performed 
pl/us the increased actual energy of the substance equals <p^ 
A B ^„ no internal work will be done in working along 
the path A B^ but if these are unequal, the difference will 
be the internal work, either done upon the substance in 
passing from state A to state B^ or by the substance in pasa* 
ing from state Bto A, This theorem was first given by Ran- 
kine, and is very fruitful in the geometrical development of 
this science. 

The heat absorbed in passing from state A to state B may 
be expended in the three following ways, as stated in arti- 
cle 9 : 

1. In doing the external work v^ A B v^ =^ U\ 

2. In doing internal work = S; 

3. In increasing the actual energy of the substance = Q ; 

.'.<p,AB<p, = JI,= Q + S+U. (9) 

Any of the terms in the last member may be negative. 
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35* The mechanical equivalent of heat. The 

direct determinations of beat Lave been in terms of thermal 
units, but on the indicator diagram the work done by heat 
IS in terms of foot-pounds or their equivalent. It is neces- 
sary to reduce one of these to the other. The first accurate 
determination of the mechanical equivalent of the thermal 
unit was made by Dr. Joule, of Manchester, England, who, 
after a series of experiments beginning in 1843 and extend- 
ing over a period of about seven years, concluded that its 
value was about 772 foot-pounds. To state it otherwise ; if 
a pound of water falling through a height of 772 feet in 
a vacuum should be suddenly brought to rest, and all tlie 
heat thereby generated could be utilized for the purpose, 
it would increase its temperature one degree Fahrenheit 
Joule's experiments gave quite a range of values, and he was 
inclined to give more weiglit to the smaller than to tlie larger 
ones. Later, in 1876, a committee appointed by the British 
Association for the Advancement of Science reported that the 
mean of sixty of the best experiments made by Joule on the 
friction of water gave 774.1 foot-pounds subject to a small 
correction, possibly amounting to j^ of its value, on account 
of the uncertainty of the exact position of the absolute zero 
on the thermometric scale. 

Still later, in 1878, Joule made another ^t of experiments, 
giving as results the following values : 



Deg. C. 


Foot-pounds. 


at 13.7, 


774.6 


15.5, 


773.1 


17.3, 


774.0 



Mean 15.1, 773.9 

Joule's experiments were made with water at about 60° F., 
and reducing his results to their equivalent for water at its 
maximum density, according to the law indicated by Eeg- 
nault's experiments, reduces the value slightly, though for a 
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difference of 20° F. it will scarcely affect the first decimal 
figure, as will be seen when we consider the specific heat of 
water. Thus, if the mechanical equivalent of heat at 60° F. 
were 774.1, then at 39.1° F., or say 40° F., it would be 774 
(nearly), and reduced from the latitude of Manchester to that 
of New York it becomes 774.8, nearly ; and if the entire 
margin of error, j^^j, be positive and applicable to this num- 
ber, the value would be 776.7, or, to the nearest integer, it 
would be 777. 

More recently. Professor Eowland has made a very critical 
examination of the specific heat of water at the lower tem- 
peratures, and made a more accurate determination of the 
mechanical equivalent at those temperatures {On the Mechom- 
ical Equivalent of Heat^ Proc. Am. Acad, of Arts and Sc, 
1880). The most probable values, as determined by him, 
are, for the latitude of Baltimore (pnd,^ p. 196): 
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42.8 
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(777.9) 
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44.6 


429.3 


782.2 


(777.6) 


16 


60.8 


427.2 


778.4 


(775.4) 


27 


80.6 


425.6 


775.5 


(775.4) 


36 


96.8 


425.8 


775.9 


(774.7) 



The numbers in the parentheses we have computed from 
those of Professor Rowland's tables, the last column being 
determined by means of his table on page 41 of the Appen- 
(iix to his paper. It will here be seen that the equivalent 
diminishes from 39.1° F. to about 80^ F., and, hence, the 
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specific heat of water diminislaes according to the same law. 
Prior to these experiments, it had been held, in accordance 
with Kegnault's experiments, that the specific heat of liquids 
increases with the temperature ; but according to the above 
experiments this law is reversed for water from 40° F. to 
80° F., being a minimum in the vicinity of the latter value, 
and increasing for higher temperatures. Regnault's experi- 
ments were chiefiy for higher temperatures. Rowland's 
values, even when reduced to the same latitude, all exceed 
those heretofore used for scientific and engineering pur- 
poses, although they agree very nearly with Joule's when re- 
duced to the same thermometer, temperature, and place 
{ihid,^ Appendix, 44, 45). The first cause of difference lies 
in the fact, above stated, that the mechanical equivalent is 
greater at 39° F. than at 60° F. — ^amounting to about 3 
foot-pounds — instead of less, as given by Regnault's experi- 
ments. The second cause is due to the fact that a degree 
on the air thermometer, from 39° to 40°, is perceptibly 
larger than on the mercurial thermometer, the diflEerence 
being about y^ of a degree of the air thermometer, and re- 
sulting in an increase of more than 5 foot-pounds above that 
given by the mercurial thermometer. Joule used a mercu- 
rial thermometer. 

It is apparent that the old value, 772, so generally used 
by the scientific world, is much too small, and 774.1, recom- 
mended by the committee of the British Association, is not 
sufficiently large. According to Rowland's experiments, 
the British Thermal Unit is about 784 foot-pounds per de- 
gree on the air thermometer, and nearly 779 on the mercu- 
rial thermometer. Scientifically, the air thermometer should 
be used ; while for engineering purposes the mercurial ther- 
mometer is almost universally used; but in neither case 
should the highest numbers be adopted unless the law of 
change of the substance be known throughout the extent of 
the investigation. Such a law is not known with scientific 
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exactness. In refined analysis it has been customary to use 
an empirical formula representing the experiments of Beg- 
nault — especially for water-rbut in ordinary practice it is 
customary to consider the specific heat of water as constant 
at all temperatures, and for this reason it is not advisable to 
adopt the highest values given by exptsriment. Before de- 
ciding upon the value to l)e adopted in tiiis work, values 
were computed by other methods, to be explained hereafter, 
and that number selected which would, according to our 
present knowledge of all the elements involved, harmonize 
with the viaious methods by which it has been determined. 
This number is 778. The exact value cannot be found, but, 
-like other physical constants, it may be determined within 
certain limits. The value here adopted is probably within 
y^ of its own value for the mercurial thermometer at the 
latitude of New York. The mechanical equivalent we rep- 
resent by e/, and call it Jovle^s equivalent. 

36. First Law of Thebmodtnamics. Seat and Tnechan- 
teal energy are mutiuxUi/ convertible in the ratio of about 
778 foot-pounds for the British Thermal Unit. 

Tlie equivalent in French, or part French and part Eng- 
lish units, is 

1400 foot-pounds per pound of water per degree 

centigrade, 
426.8 kilogramme-metres per kilogramme of water 
per degree centigrade. 

EXERCISES. 

1. How many foot-pounds of heat-energy are there in one 
pound of coal containing 14500 British tliermal units ? 

Ans. 

2. How far will one pound of anthracite coal propel a 
locomotive weighing 60 tons on a level track, friction 6 
pounds per ton, if the entire heat-energy of the coal could 
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be utilized for this purpose, the coal containing 16000 

B. T. U. ? 

Ans. miles. 

3. If in melting one pound of ice 144 B. T. U. become 
latent, how many foot-pounds of energy are required to 
change the state of aggregation of the substance — that is, to 
change ice to water? 

Ans. 112032 ft.-lb8. 

4. Find the value of the mechanical equivalent of the 
B. T. U. when expressed in kilogramme-metres. 

5. How many thermal units must be transformed into 
mechanical energy per minute to equal one horse-power ? 

6. What is the theoretical efficiency of a steam plant that 
develops one horse-power per hour for every 2^ pounds of 
coal used, the heat units in a pound of the coal being 13000 ? 

7. Steam plants liave been reported as developing a horse- 
power pel hour with 1.5 pounds of coal ; what was the theo- 
retical efficiency of the plant, if a pound of the coal con- 
fined 15200 B. T. U.? What if it contained 12000 
B. T. U.? 

Ans. In the latter case, \^ nearly. 

8. How many foot-pounds of energy will be required to 
raise the temperature of five pounds of water from the tem- 
perature of melting ice to that of boiling water, the value 
of J being 778 for each degree ? 

9. One kilogramme-metre per degree centigrade equals 
how many foot-pounds per degree Fahrenheit ? 

Ans. 13.02. 

10. How many foot-kilogrammes of heat are necessary in 
order to raise the temperature of one decigramme of water 
one degree Fahr. ? How many metre-pounds to raise one 
gramme of water one degree C. ? 

37. Thermal capacities. The amount of heat nee- 
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essary to change by unity any quality of unit-mass of a 
substance under given circumstances is called the thermal 
eapucity corresponding to the given change. Three such ca- 
pacities have received the respective names — specific heat at 
constant jpressurey specific heat at constant volume and the 
latent heat of expansion. Wlien these capacities are vari- 
able, their values at a particular state may- be considered as 
the rate at which heat is absorbed per unit of the constant 
element. 

The unit-mass, in English units, is the standard one-pound 
weight, and in French units is the standard kilogramme. 

38. Pressure constant. Specific heat at con- 
stant pressure. If the pressure be constant, the path 
of the fluid will be a right line perpendicular to the^axis, 
Fig. 11 ; and the heat absorbed in working from state A to 
state B along this line will be, according to Article 34, repre- 
sented by the area (p^ A B (p^ in foot-pounds, to find which 
requires an experiment with the substance in order to deter- 
mine its thermal capacity under constant pressure. 

The specific heat at constant pressure is the amount of 
heat necessary to increase the temperature of a unit-mass of 
the substance one degree, the pressure 
being constant and the specific heat 
constant throughout the degree. In 
English units, it is the number of 
thermal units (Art.. 6) necessary to raise 
the temperature of one pound of the 
substance one degree Fahrenheit. 
To represent it on a diagram of 
energy, the line A B^ perpendicular 
to the^axis, must be limited by two isothermals, as r and 
T-(-l, differing by unity of temperature, then will the 
dynamic specific heat at and from r be represented by 
the indefinitely extended area <p^A B q>^. If the specific 
heat be variable, the isothermals must differ hy dr only. 
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For numerical yalnes, see tables of specific heat. To ex- 
press it algebraically, let 
ip = the ordinary specific heat at the temperature r and 
pressure J?, 
K^ = the equivalent dynamic specific heat ; 
then 

K^=^J\. (10) 

li dhp = the thermal units absorbed in raising the tem- 
perature of a unit-mass of the substance under a constant 
pressure an amount dt = t^r degrees, and d ZTp the same ex- 
pressed in foot-pounds, then 

dhp :=kpdr, (11) 

dIIp = Jkpdrz=z Kpdt'y (12) 

hence, after substituting. 

If the specific heat be constant, equation (12) integrated 
between limits gives 

S, = ^,ir,-r,), (16) 

and if T, — r^ = 1, we have 

^H,=^K,^q,,AB <p,. Fig. 11, 
as before stated. 

When the path is arbitrary, the heat absorbed may be a 
function of the three variables j?, % r, but when/? or t; is 

constant -t- will be a partial diflferential coefficient, and 

may be indicated as above with a parenthesis and subscript, 

or with a parenthesis without a subscript, or by — H — as used 

a T 

by Clausius, or (5J)p as by M. Saint-Eobert, or even with- 
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out any distinguishing mark, leaving it for the reader to infer 
its true character, which may be so easily done in this 
science as to make it questionable whether any mark is 
desirable. 

89. Yolame constant. Specific heat at con- 
stant volume is the heat necessary to raise the tempera- 
ture of a unit-mass of a substance through one degree when 
the volume is constant, the specific 
heat remaining constant throughout 
the degree. It is the number of heat 
units necessary to raise the tempera- 
ture of one pound of the substance 
one degree F., the volume being con- 
stant. When constant its dynamic 
value may be represented on a diagram 
of energy by the area between a line 
A jB, Fig. 12, perpendicular to the 
i^-axis limited by two isothermals differing by one degree, 
and two indefinitely extended adiabatics A cp^ and B (p^ as 
shown in Article 34. 

Let h, = the specific heat for a constant volume at tlie 
temperature r in ordinary thermal units, 
-ff^ = its equivalent dynamic specific heat, 

</Ay = the thermal units absorbed in raising the tempera- 
ture d T, 

dHy= the foot-pounds of heat in dhy\ 
then 

d hy = kydtj 




dHy = Jky d T = ITy d T'y 

ldH\ 



r ldU\ 



(16) 
(17) 



If Ky be constant, then in Fig. 12, 



Ky^ (p,A B<pr 
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tXERCiSES. 

1. How much more heat (mechanical energy) is required 
to raise the temperature of one pound of water 1° F. than 
of one pound of air, the same amount under constant 
pressure ? 

(Find the ratio of the values of their specific heats, as found from a 
table of specific heats, and express their difference in foot-pounds.) 

2. How much more heat is required to raise the tempera- 
ture of one pound of water 1° C. than of one pound of air 
the same amount, at constant pressure ? 

3. How far must a mass of iron fall in a vacuum in order 
that its resultant energy, if transmuted into heat, would 
melt it? 

4. Assuming that air and hydrogen are perfect gases, 
how much more heat will be required to increase the tem- 
perature of one pound of the latter one degree Fahr. than 
one pound of the former the same amount ? Express the 
difference in thermal units and in foot-pounds. 

5. If oxygen and hydrogen are perfect gases, how many 
pounds of oxygen will be' required in order to contain as 
mucli heat as one pound of hydrogen at the same tempera- 
ture? 

6. Show that a right line parallel to the ^y-axis will be 
divided into equal parts by a series of isothermals of which 
the general equation isp v^ Rr^ provided r^ — r^ = r^^ t„ 
&c. 

7. In the preceding exercise, show that a right line 
parallel to the jp-axis will also be divided into equal parts. 

8. Show that a line drawn through the origin of co-ordi- 
nates is not divided into equal parts by the successive equi- 
lateral hyperbolas of Exercise 6. 

40. Let the temperature be constant during 
expansion* Second Law. In this case the path of th« 
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fluid will be an isothermal, as J. ^, Fig. 13 ; and the heat 
absorbed during the expansion from v^ to v, will, according 
to Article 34, be represented by the area <p^AB <p„ bounded 
by the isothermal A £ and the two 
adiabatics A q}^ and B <p^ indefinitely 
extended. If 11^ l>e the heat absorbed, 
the subscript indicating that the entire 
heat absorbed is to be at one tempera- 
ture; then 

H^ = (p,AB<p^. 

% VV^Vt J^, 

Since the temperature of the work- pio. is. 

ing substance, in this case, is uniform 
during expansion, it is assumed that the actual energy of 
the working substance remains unchanged, and hence Q in 
equation (9) will be zero, and we have 

B,^ U+S= <p,ABtp,. 

That 18, during isothermal expansion the heat absorbed 
equals the entire work done, both external and internal. This 
heat cannot be directly measured, but it may be computed, 
as will appear from this and the two following articles. No 
engine can transmute into external work all the heat absorbed 
by the working substance, some of it being always rejected 
at a lower temperature than the source. Experience confirms 
the following principle, called the 

Second Law. Jf all tits heat absorbed he ai, one temper' 
ature^ and that rejected he at one lower temperature^ then 
win the heat which is transmitted into work he to the entire 
heat absorbed in the sam^ ratio as the difference between the 
absolute temperatures of the source amd refrigerator is to 
tlve absolute temperature of the source. (Appendix ii.) 

In other words, the second law is an expression for the 
efficiency of the perfect elementary engine. 

The object of the second law is to furnish a basis for the 
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computation of the heat absorbed during expansion, the 
heat of the working fluid being maintained at a constant 
temperature. Thus, if between 600° F. and 500° F. ab- 
solute, in a perfect elementary engine, ten thermal units be 
transmuted into work, then will the heat absorbed at 600° F. 
have been 

IT =10 !i— = 60 

^1 - r, 

thermal units. The heat which would be transmuted into 
work in a Camot's cycle for a finite difference of temper- 
atures can be computed for perfect gases only. In fact, the 
external work only can be directly computed from the 
equation of the gas for isothermal expansion, which will be 
(Fig. 13), 

U=v,A Bv^. 

It will be observed in Fig. 13 that, if the area q)^A B q)^ 
be divided into an indefinite number of strips, representing 
Camot's cycles, ultimately the topmost strip A Bed will 
equal the topmost strip oi v^ A B i?„ representing external 
work cut off by the second isothermal. The work done in 
any one of the Carnot's cycles equals, according to the 
second lawy the topmost one, and this, from Fig. 13, equals 
the differential of the external work due to an increase (or 
decrease), d r, of the absolute temperature. For this case 
Tj — r, becomes rf r, so that it d W he the lieat transmuted 
into work in one of Camot's cycles and r^ be the temperature 
at which the heat is absorbed, we have 

d r d r 

The second law is the result of observations, experiments. 
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and deduction. It is not, like a proposition in geometry, 
capable of a direct, rigid demonstration ; but rather, like the 
axioms of geometry, appeals to our understanding for as- 
sent when the terms used and tlie operations assumed are 
well understood. Or, perhaps a better parallel will be 
found in tlie Newtonian laws of motion, which were first 
conceived, from the results of experiments, to represent 
ideally perfect conditions, and later became firmly estab- 
lished by the fact that when applied to the solution of prob- 
lems in nature the results obtained agreed with those ob- 
served. So this law, first conceived to represent what would 
be the results of experiments if the conditions were perfect, 
has become firmly established through the fact that it has 
successfully stood the many crucial tests to which it has 
been subjected. If the formulas founded upon it had led 
to results known to be erroneous, tliey would have dis- 
proved the law ; but it has been found that all the results so 
deduced agree with those of experiment at least within 
tlie limits of the errors of observation. 

Camot made the first step toward the establishment of 
the law by showing that the efficiency of his ideal engine 
was a direct function of the difference of the temperatures 
of the source and refrigerator, and was independent of tlie 
nature of the working fiuid. The idea of an absolute tem- 
perature had not then entered tliis science. Later the law 
became established through the labors of Clausius, and of 
Joule and Thomson. Kankine virtually deduced it from 
his theory of molecular vortices. He came to the conclusion 
that Camot's law is not an independent principle, but is de- 
ducible from the equations of the mutual convereion of heat 
and expansive power. 

Let one pound of any substance having the volume -y,, 
pressure t?, A^ and absolute temperature r, in constant com- 
munication with a source of heat at the same temperature 
(or at a temperature r -\- dr\ expand from v^ to v^ by driv- 
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ing a piston in a cylinder ; then will the indefinitely ex- 
tended area q>^AB q>^^ expressed in foot-pounds, represent 
the heat absorbed, and divided by 778 will be the value of 
the heat in British thermdJ units. 

To find the area <p^A B (p„ conceive it to be divided into 
an indefinite number of strips of equal areas by isothermals 
of the given substance, as <? ^, ^ i, . . . y 2, &c. ; they will repre- 
sent equal quantities of heat, and if an elementary engine 
be worked in the successive cycles ABcd^dc ij^ &c., the re- 
sultant works done will also be equal. These are Camot's 
cycles, since all the heat absorbed will be at one temperature, 
and that which is rejected, at one lower temperature. Let 
the successive equal quantities of heat thus transmuted into 
external work constitute a scale of temperatures — known 
as Thomson's Absolute Thermometric Scale {Phil, Mag.^ xi. 
(1856) 216. Thomson's Papers, p. 100). The characteristic 
quality of this scale is — equal quantities of heat when 
worked in Camofs cycle will do equal quantities of external 
work independently of the nature of the wo^rking substance. 
At first, any amount of heat or area, as ij dc, may be taken, 
arbitrarily, as a unit, and a repetition of this unit will con- 
stitute a scale of natural numbers, as 7, 8, 9, &c., the zero 
of which may bo placed arbitrarily. Having assigned its 
place and the unit of heat, the quantity of heat involved in 
any number of such operations becomes known. Thus, the 
heat necessarily destroyed in performing the operations 
numbered 7, 8 and 9 will be three times the unit initially 
assumed. Traditional parts of the scale will correspond to 
fractional parts of the unit. The scale may be so numbered 
that the two fixed points shall correspond with 32° F. and 
212° F. 

Conceive that the zero of the scale corresponds with the 
total deprivation of heat from the substance, and that in 
raising the pressure from to v^ A, there are r of the 
arbitrary units. 'Let each unit be divided into an indefinite 
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number of eqiial parts by isothermisds, each represented by 
dr ; then will the number of parts in each unit be 1 -r- rf r, 
and the number in r units will be 

number of strips = - — . 
at 

The area of any one of the infinitesimal strips, asAJSody 
being known, we have 

g^,A£(p,^^X ABcd, (18) 

and the solution is now reduced to that of finding the area 
A JS c d. Conceive it to be divided into an indefinite 
number of parts by vertical lines having between them the 
constant abscissa d v (or, more accurately, let the divisions 
be made by adiabatics having between their upper ends the 
abscissa d v)j then 

and 

A£od=^ sl^dpdv. 

This summation cannot, generally, be performed by an 
integration, for, generally, dp varies from A to By and is 
not simply a function of v. For any assigned value of -y, 
dp depends directly upon d r, since it is limited by two con- 
secutive isothermak -differing by ^ r, a condition which, in 
the language of the calculus, is indicated by the expression 



9^ 



= ® ''■ 



thus, changing from dp independent to p dependent upon 
T. Substituting this for dp above, gives 

where dt ia placed outride the integral sign since it is con- 
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stant throughout the strip A B. This value in equation (18) 

^» = <p,AB<p, = r r' {^)dv. (19a) 

If the expansion be infinitesimal and equals d v, we have 

dR=T(^^^dv, (20) 

which is the required equation. 

In using this equation, (;j^) is to be found by differefnr 

tiatmg the equation of the gas, given in terms of the aiso- 
licte scale of temperatures, considering <t? as constant ; or by an 
experiment, finding the change of pressure for a very small 
change of temperature, but in integrating from v^ to v, the 
temperature must be constant, so that not only will r, if 

any in (-f^j7 be constant, but the r before the integral sign 

will also be constant. Indicate this by r j. Since an amount of 
heat equal to that absorbed by any substance during isother- 
mal expansion becomes latent, the preceding equation, more 
completely expressed, becomes : 

Latent heat of ' ' 

EXPANSION from 
v^ to V, 



r=^r=r. 



<d 



?^) d~v 



(21) 



in which the subscript t, of the bracket implies, as explained 
above, that r within the parenthesis is to be considered con- 
stant during the integration. As a thermal capacity^ Article 

37, the latent heat of expansion is r ~-£^ 2isi£dv were unity, 

at 

being the rate at which heat is absorbed per unit of volume. 

Differentiating equation (21), considering r as constant and 

V variable, gives .^ . 

^,Abn = r,i^^Jdv, 
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which is the same as equation (20), where d vis the abscissa 
of b in reference to v^Aj Fig. 13. 

The scale of temperatures above used is not practical, except 
for the purposes of analysis, since heat cannot be actually 
divided with accuracy by any known means according to the 
process described ; and it remains to be shown how the re- 
sult can be made of practical value. Conceive a quantity of 
heat equal to that absorbed by a potmd of the substance, 
4p^A B q}„tohe absorbed by such a quantity of b, perfect gas 
as will give the same temperature, and let the temperatures 
be measured by an ideally perfect gas thermometer graduat- 
ed from absolute zero and having r equal divisions up to the 
temperature here considered ; then will equal divisions on 
this scale correspond with equal quantities of actual heat in 
the perfect gas — so that, if the gas be cooled by abstracting 
equal, successive quantities of heat, the successive tempera- 
tures will be indicated by equal divisions on the scale. In 
this manner, the heat in a perfect gas might be divided into 
equal parts. Let the temperature of the given substance be 
reduced an amount dr on this scale by working the heat in 
Camot's cycle, the saine amount of heat will be transnmted 
into work as must be abstracted from the perfect gas in re- 
ducing its temperature the same amount, and so on. Con- 
ceive isothermals of the 4substance to be drawn on the dia- 
gram of energy, differing by of r of the perfect gas thermom- 
eter ; there will he r -7- dr such divisions between zero and 
T, as in the former case. These isothermals may be con- 
ceived to be described, geometrically, from the equation of 
the gas given in terms of the scale of the perfect gas ther- 
mometer, or, physically, by supplying heat to the expanding 
gas so that the temperature will remain constant as indicated 
by this thermometer and noting the contemporaneous press- 
ures and volumes. These processes, perfectly done, would 
give the same isothermals ; and since the number is made 
the same as in the earlier part of this article where the strips 
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were, arbitrarily, made equal, and since the lowest, or zero- 
isothermals, coincide, also the highest, or r-isothermals, it is 
inferred that the successiye isothermals in the two cases co- 
incide. It follows, then, that if the area <p^AB tp^he inter- 
sected by isothermals differing by an absolute constant tem- 
perature, the areas between the successive isothermals will be 
equal; and if the number representing the difference of 
temperatures be commensurable with the nmnber represent- 
ing the highest temperature, the entire area <p^AB q>^ will be 
divided into equal parts. By making the diflference indefinite- 
ly small, or d r, the question of commensurability disappears. 

But a perfect gaa is unknown ; it has, however, been found, 
as stated in Articles 14 and 16, that the air thermometer dif- 
fers but little from that of a perfect gas thehuometer, 
the temperature of melting ice being 491»13° F. above the 
absolute zero of the air thermometer, and about 492.66° F. 
above the zero of the absolute scale, a difference of about 
^4ir ^^ *^^® entire 491°, a quantity too small to be measured 
in actual practice, and can be determined only by the most 
refined experiments. The position of the zero of the abso- 
lute scale cannot be determined exacfly, but, accepting the 
results of Thomson and Joule, if the zero of the air ther- 
mometer be made to coincide with the melting point of ice, 
then by adding 492.66° F. to the reading of the air ther- 
mometer, the sum will be the value of the temperature on 
the absolute scale, almost exactly. 

Equations (20) and (21) are theoretically exact, and hence 
are practically so for volumes, pressures and temperatures 
determined by the best methods known. 

The following reasoning may aid the reader in satisfying 
himself of the equality of the strips. Conceive the area 
<p^AB ^„ Fig. 14, to be divided into an indefinite number of 
strips by isothermals of the substance, differing by the con- 
stant absolute temperature d t, then will the areas thus 
formed be equal. 

If the areas between equidistant isotheriiials and the adia- 
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baticfi are not equal, a Kne, B iT, may 
be 8o drawn that they will be equal, 
but the area cp^ A B N {^\^. 14) will 
be an area exceeding that which rep- 
resents the heat 
absorbed ; or, if ^ 
it falls within 
B 9>, it will be 
Fio. 14. less than that 

representing 
the heat absorbed. 

If the working fluid is a perfect 
gas the areas ah c d and efg h (Fig. 
15) will be equal, but if the gas be imperfect all the small 
areas in ^, ^ ^ ^, below the topmost one will exceed tliose 
between the corresponding isothermals xvlv^AB v,. 

41* Thomson an<l Joule established equation (20) upon a 
principle of Camot Camot proved that, of the heat ab- 
sorbed, qi^Ahuy Fig. 13, during isothermal expansion, the 
part d b transmuted iuto work by working in one of his 
cycles, was /i {r^—r^ of the heat absorbed, where /i is a func- 
tion of the higher temperature only and hence independent 
of the nature of the working substance, and t,— t„ the 
fall in temperature of the working substance. In this case, 
let r^--r^=zdr^ then will fdd r he the fractional part of 
q>^ A b n transmuted into work. 

Let JfTbe the latent heat of expansion in thermal units, 
then will Md v be the heat units in tp^A b n, and in foot- 
pounds we have 

J M dv = q)^Abn^ 

and the heat transmuted into the work b d will be 

b d ^ IX J M dv dr. 
But we also have 



ld=^[^^dtdv, 
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and making these equal gives 

Oarnot did not find the form of the function /i. In re- 
gard to it Thomson says : '^ It has an absolute value, the same 
for all substances for any given temperature, but which may 
vary with the temperature in a manner that can only be 
determined by experiment" (Thomson's Papers^ p. 187). 
Thomson, whose resources ever seem sufficient for the oc- 
casion, set about its determination, the processes for which are 
described in the Philosophical Magazine^ and more recent- 
ly in Thomson's Matliematical and Physical Papers^ cover- 
ing many pages. Early in the investigation. Joule suggest- 
ed that the value of /i might be " inversely as the tempera- 
ture fi-om zero" (Thomson's Papers^ p. 199); and these 
experimenters established ♦the truth of this suggestion by 
that celebrated series of experiments known as " the experi- 
ments with porous plugs." Hence, we have 

1 . 



.-. J M dv 



(4-:)*' 



as already found. The quantity /< is known a£; " Camot's 
function," the title given to it by Sir William Thomson. The 
value 1 -=- /I == To, the absolute temperature of melting ice, 
was found to be 273.68° C. {ihid, p. 391). 

Thomson's absolute scale may be thus defined : The num- 
bers expressing degrees of ahsolute temperatures are propor- 
tional to the quantities of heat absorbed and emitted at those 
temperatures in a reversible cycle. Thus, ii 11=^ (p^ A £ 
<p^ = the heat absorbed. Fig. 13, and it be divided into r 
equal parts, then will one part be ^ -r- r ; and if h be the 
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heat emitted = tp^y z ^„ then will the nnmber of equal 
parts in h be 

A-^(iJ^ T) = -gr = <(8ay); 

. h _ t 

The eqnal parts of heat in qf^ABtp^ may be conceived 
to be secured, physically, by a succession of perfect engines 
in which the refrigerator of one is the source of the next, 
and so on. It was in this manner that Camot established 
his expression for efficiency. The amount of work done by 
heat depended only upon the difference of the temperatures 
of the source and refrigerator and some function of the 
higher temperature, as already given. 

42. To express equation (21) in terms of the external 
work, from Fig. 13, we have 

U =i v^ABv^=. J p d V ; 

.-. dU = p dv; 

r.^ = (i£) d% also written 4-^^\ 
dr \d rJ ^ dr 

hence, substituting in (21), 

S,^r /-jf = 9.^^ 9^ Fig. 13;(22) 

r "^ d r "^ 
^_^dr^^^dr = efhg. 

d^U 



m)'^='-^--'^'- 



From equation (22) it appears that the heat absorbed may 
be found froni the temperature at which it is absorbed and 
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the external work regarded 9^ a funetion of the tempera-, 
ture. 

The three preceding articles will be more clearly under- 
stood after becoming more -thoroughly familiar with th^ sub- 
ject as developed in the following pages. 

43. In equation (19) the quantity under the integral sign 
for a given expansion is constant, hence d r may be inte- 
grated between limits, giving 

My.= fdn=H,^H,^{r,^t,)n^yv=ABzy (23) 

of Fig. 13, in which r, is the absolute temperature of the 
isothermal J. J? and r, that of y 3, and JBT, the heat absorbed 
along A B and ZT, that rejected along z y. Heat absorbed, 
during an operation may be considered positive and that 
emitted, negative. 



EXERCISES. 

1. If the equation of the gas he p v =z R r^ find the heat 
absorbed during expansion at the constant temperature of 
600'' P. from v^ == ten cubic feet to -v, = 30 puj^ic feet. 

(Use Eq. (21).) 

2. If the equation of the fluid be » = jB 1 — _ (of 

V TV* 

\irhich carbonic acid gas is a special case), find the area of 
one of the strips in Fig. 13 for a diflEerence of temperature 
d r, for an expansion from v, to i?, at the temperature r^. 



Ans. \Rlogl^ + X,C^-^-\]d^ 
ent heat of expansion in the preceding 

4. If the equation of the gas be ^ = -ff — — — 5, find 



3. Find the latent heat of expansion in the preceding ex- 
ercise. 



rt?' 
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die external work done in expandixig from v^ to v^ at the 
temperature r.. . t r-i -i v 

5. Find the internal work done in exercise 4. 

6. In exercise 4 find the area between the two consecutive 
adiabatics A tp^ and h n, Fig. 13. 

7. In exercise 4 find the ratio of the internal work to the 
external for an expansion from t;, = 9 to -v, = 18 cubic 
feet, at r = 700° F., B = 35, and h = 48000. 

8. If the equation of a gas were^ = 4 ^ r, find the heat 
absorbed at the temperature r = 600° F. in expanding 
from 20 to 30 cubic feet, and reduce to thermal units. 

44. General Case.— Let the path of the fluid be 
arbitrary, as A B^ Fig. 16, A ^„ B ^„ two adiabatics in- 
definitely extended to the right, then, as shown in Article 34, 
the area (p^ A B (p^ will represent the 
heat absorbed in passing from state 
A to state B. To find this area, con- 
ceive it to be divided into an indefi- 
nite number of indefinitely narrow 
strips, as follows: — Divide the line 
A B into an indefinite number of parts 
by the isothermals ao^ hjp, &c., differ- 
ing by (I r, the points of division being 
at a, i, c, &c. ; and from these points draw verticals interf- 
secting the isothermals next below in the points ti, <?,^, y, &c. 
Through the points a, J, c, &c., and n, o, jf>, &c., draw adU 
abatics, as a t/^, om^^ b m, ; then will the sum of all the strips 
mao m„ m, o h m„ &c., vUimoiiely equal the area cp^AB ^,. 
If r be the absolute temperature of any isothermal, as a (?, 
and d v the expansion from state a to state o, then, accord- 
ing to equation (20), will the area 




m a m, 



■-d^)"- 
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and, according to Article 39, the area 

hence, nltimatelj, 

a/rea mahm^^^dff^ITydr'^r (^) d v, (24) 

which is a gjbkeral differential equation of thkrmody- 

KAMI08. 

In this solution the polygon Anao hp, <fec., is inscribed 
in the figure (p^AB ^„ but the same result would be 
reached if the polygon were circumscribed, as indicated in 
the figure hy Av, awh^ &c. 

From equation (24) we have 



(35) 



but the general integral cannot be found since K^ is not a 
known function of r, nor r and (-r^J known functions of 

V. In equation (24) r and v are independent variables. 
Thfe shaded strip m. a o m^ represents heat transmuted into 
work due to an isothermal expansion, and the unshaded 
«trip m, oh m^ the increased energy of the substance, both 
actual and potential, due to the change of temperature in 
passing from a\x>K 

45. To make r and p inde- 
pendent variables. Intersect the 
path A J?, Fig. 17, with consecutive 
isothermals diflEering by the constant 
d r, as before ; and from the points of 
division J, c, d^ &c., draw lines parallel 
to the axis v^ intersecting the ad- 
jacent isothermals in the points w, o, 
&c., thus describing an inscribed poly- 
gon, Anho^ &c. A circumscribed polygon would answer the 
same purpose. Through the vertices of the polygon, A^ n. 
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i, Oj c, &c., draw the adiabatics i m,, c m„ o m^y &q., then, 
ultimately, 

m^co m^, (Eq. (12)), 
(d jp\ 



^K^dr 



^K,dr-^r (^) rft;,(Eq.(20)), 



But d v\ii this equation is the a1)0ei80a oi o in. reference 
to c (Figs. 17 and 18\ on an isother- \t 
mal through c, and hence is not de- 
termined directly from the equation 
of the path. Change this dv to d v^ 
and let i k = d v^ being the differ- 
ence of the abscissas of two consecu- 
tive points of the path ; then 




l-T^j = the rate of change of pressure, 



-^J dr = hlz=ci = increase of pressure, 

dp^kc\ -''Vj-) drdp=^l o c e. 

But icoj = hoce having the common base c o and 
between the same parallels. Multiplying the last expression 
by r -i- {? r, and substituting, gives 

dH=K,dr-r{f^)^dp. (26) 

Equation (26) is a second oenebal equation of thermody- 
namics in which r and p are the independent variables. 
Othei- forms may be deduced from these, as will hereafter 
be shown. For convenience of reference these equations 
are brought together. 
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46. The two fundamental equations of ther- 
modynamics are : — 



dH=K,dr -r (||) <^i>. 



(A) 



The remainder of this work will consist chiefly of a dis- 
cnssion of these equations. Thermodynamics is the science 
which treats of the mechanical theory of heat 

QlTBSTIONB FOR EXAICINATION. 

(So^&of these questions require knowledge outside of this text.) 

Give instanced of heat generated by mechanical action. Draw infer- 
ence. Wliat did Count Rumford conclude ? Describe Davy's experi- 
ment. Is his experiment conclusive ? Who first made an exact deter- 
mination of the mechanical equivalent ? Describe his methods. How 
long did he devote himself to the subject ? What did he consider the 
most probable value ? What is meant by work ? momentum ? energy ? 
foot-pound ? horse-power ? metre-kilogram ? heat unit ? caloric ? raUJ 
Define exactly the " thermal equivalent." Why does the mechanical 
equivalent depend upon latitude ? altitude ? thermometer used ? In 
what respects do the results of Rowland's experiments differ from. Reg- 
nault's ? Is perpetual motion possible ? Why not ? When a gas ex- 
pands, why does the temperature fall ? When it expands into a vacuum, 
does its temperature fall ? 

What is an atom ? molecule ? " ether "? What are heat rays ? In what 
respects do heat and light differ ? agree ? When is a body transparent t 
opaque ? athermanous ? diathermanous ? When is a body heated by 
radiation ? conduction ? When a body is heated, what three effects may 
be produced ? What is specific volume ? specific pressure ? specific grav- 
ity ? specific heat ? real specific heat ? apparent specific heat ? latent 
heat ? latent heat of expansion ? thermal capacity ? 

What is a perfect gas ? imperfect gas ? Does the coefllcient of expan- 
sion vary with different gases ? For what is it least ? What is the ** ab- 
solute zero "? Can it be realized ? Of what value is it in theory \ 
What is thermodynamics ? What is a general equation of thermodynam- 
ics ? Eliminate dfr from equations {A\ and deduce a third equation for 
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P EBFECT G ASS8. 

47. Difference of specific heats. From the 
equation of a perfect gas, equation (2), we find 

\drJ V r' 

\drJ p r ' 

and these in equations {A) give 

dH= K^dr-i^pdv.) /o^s 

dH=K^dr-^vdpA ^ ^ 

R 

Let V be constant, then dv ^=^0^ and dp =i —dr, and the 



preceding equations will give, by placing the second mem- 
bers equal, 

K^-K^=R', (28) 

hence, the difference of the two specific heats for a perfect 
gas is constant. 

48. Specific heat constant. In a perfect gas no 
internal work is done during a change of state, hence, at 
constant volume, no work will be done by the absorption of 
heat, and all the heat absorbed will be sensible at all temper- 
atures ; hence, the specific heat of a perfect gas at constant 
volume will be constant, and equation (27) shows that, in 
this case, the specific heat at constant pressure will also be 
constant. It is found that the specific heat for sensibly per- 
fect gases at constant volimie is independent of the volume* 
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Let K^-=L C^ and K^^ C^ for sensibly perfect gases, and 
equations (27) become 

dH^ C^dr-vdpJ ^ ^ 

which are the general equations of sensibly perfect gases. 
Equation (28) becomes 

Ji=C,-^ C,. (29) 

"When Clausius first established the preceding equation, 
he concluded that both specific heats were constant for per- 
fect gases at all pressures and temperatures, although this 
view opposed the one then prevalent — that the specific heat 
was a function of the density of the gas. Soon after, how- 
ever, the experiments of Regnault confirmed the conclusion 
of Clausius by showing that it was practically constant for 
the so-called permanent gases, as air, oxygen, hydrogen and 
nitrogen. 

I^egnault found the following results for air at constant 
pressure {Relation des Experiences^ ii., 108). 

Heat required to raise the temperature of one pound of 
air 1^ C. at constant pressure, 

between 



30° C. and + 10° C. 


0.23771 thermal units, 


0° G. « + 100° C. 


0.23741 " " 


0° a " + 200° a 


0.23751 " 



which show that it is not strictly uniform, neither is the law 
of change apparent. There is, apparently, a minimum 
value, but it is not safe to assert that such is the fact, much 
less to assign its place. Other experimenters find values 
differing slightly from these. The departure from the mean 
is so small, we may, for all ordinary purposes, consider the 
specific heat as constant. 

Regnault also determined the specific heat of air under 
different pressures from 1 to 12 atmospheres, and of hydro- 
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gen from 1 to 9 atmospheres, and found the specific heats of 
each to be sensibly constant within these respective ranges, 

49. The perfectness of a gas may also be tested 
by comparing its agreement with the equation of a perfect 
gas. Thus, Begnault f oimd for atmospheric air, if the vol- 
ume be constant, the following : 



Denaltr, or ptaaaoie. In stincMiiiierai 


Batlo of picmu« at eonitant TOlmne at lOO* 0. 


at 0>C. 


to tbatatCC. 


0.1444 


1.36482 


0.2294 


1.36513 


0.3501 


1.36542 


0.4930 


1.36587 


1.0000 


1.36650 


2.2084 


1.36760 


2.8213 


1.36894 


4.8100 


1.37091 



If the gas were perfect we would have for a conBtant vol- 
tune V, from equation (2), ^ 



(r.-rO = Ii 



in which the range, r, — r„ of temperature being constant, 
and equal 100° C. in the preceding table, and r^ = 273.7°, 

the ratio of ^ would also be constant The preceding table 

-Pi 
shows a slight increase in this ratio with the increase of the 
density from 0.1444 to 33.3 times that value. The depart- 
ure, however, from uniformity is so small that, for ordinary 
purposes, air may be treated as a perfect gsus in this re- 
spect. 

When the pressure was constant, it was found that the 
volume increased as follows : 
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Freasure. 


Increaoe of volume for an iDcreaae of 100* C, the original TOlame 
being unity in each case. 




Atmoapheric air. 


CtrboDlc acid. 


Hrdragen. 


2525 


0.36706 
0.36944 


0.37099 

0.38455 


0.36613 
0.66616 



In these experiments the increase of volumes was greater 
for the same range of temperatures when the pressure was 
greater, although for hydrogen the rate was almost e3cactly 
constant. If the gas were perfett we would have for a con- 
stant pressure ^j, the equation ! 



1 - VZ-^» 

X — 5 



the left member of which should be constant if the gas were 
perfect, the range of temperatures and the initial tempera- 
ture being constant. 

In some other experiments the same mass of different 
gases was subjected to different pressures with the following 
results, V being the volume of one pound of the mass : 



Density or 


Hydrogen. 


Nitrogen. 


Atmoiphrrlc air. 


V 


P 


pv 


P 


pv 


P 


pv 


2 

4 

8 

16 


2.0008 

4.0061 

8.0339 

16.1616 


1.0004 
1.0015 
1.0042 
1.0101 


1.9995 

3.9918 

7.9641 

15.8597 


0.9992 
0.9979 
0.9955 
0.9912 


1.9975 

3.9860 

7.9457 

15.8045 


0.998782 
0.996490 
0.993212 
0.987780 



This table shows that these three gases follow nearly the 
gaseous law expressed by the equation^ v = ^ r„ that for 
hydrogen p v increases slightly with increase of pressure, 
while for. nitrogen and atmospheric air this product decreases 
with increase of pressure. 
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The following table gives the expansion of several gases 
under constant pressure from 0° C. to 100° C, and the in- 
creased tension for the same range of temperatures under 
constant volumes, the initial pressure being one atmosphere, 
as determined by Begnault. 



Substance. 



Hydrogen 

Atmospheric air 

Nitrogen 

Carbonic oxide 

" acid 

Protoxide of nitrogen. . 

Sulphurous acid 

Cyanogen 



Increase in vo]aine 

under constant 

ptessare for 



lOCPC. 



0.3661 

0.3670 
0.3670 
0.3669 
0.3710 
0.3719 
0.3903 
0.3877 



1»F. 



0.002034 
0.002039 
0.002039 
0.002038 
0.002061 
0.002066 
0.002168 
0.002154 



InetMae of pieanue 

nnder conalant 

volume for 



1(»»C. 



3667 

3665 
3668 
,3667 
,3688 
3676 
,3845 
,3829 



1»F. 



002037 
002036 
002039 
002037 
002039 
002032 
,002136 
002127 



50* To find ' C^ The apecific heat of any substance 
at constant volume has not been found to any degree of ac- 
curacy by direct experiment, but its value for sensibly per- 
fect gases may be computed from equation (29), for we 
liave 

(7, = Cp - R, (80) 

which is the required equation. 
Regnanlt found for air, the mean value 

Cp = 0.2375 T. U. 
.'. C\ = 184.77 = 0.2375 X 778. 
Also, equation (3'), B = 53.37 
difference = C, = 131.40; 

.-. tf, = 0.1689 = 131.40 -f- 778, 
Equation (3') is here used because the determinations were 
made with the air thermometer. 
51. Relative specific lieats. Since both specific 
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heats are constant for perfect gases, their ratio will be con- 
stant, which we will represent by y ; then 

S=^ = r. (81) 



For a/ir we have 



^•^^^«= 1.4061. 



^ 0.1689 

This ratio was originally found by means of the velocity 
of sound in the gas, in a manner soon to be explained, Art. 60 
From equations (30) and (31) w^ find 

^ y^\ ^ _ X To 

where J9 is a constant for sensibly perfect gases ; hence, for 
another gas we have 

• ^ = ^ = ^ : (83) 

that is, t?ie specific heats of two sensibly perfect gases are di- 
rectly as their specific volumes. 

But the specific volumes are inversely as the specific 
weights, or densities, of the gas, or 

t, - 1 - 1 • 

Vq , 

w g 6 



hence. 



^ = *' = ^ • 



that is, the specific heats of two perfect gases are inversely 
as their densities. 

52. Let the temperature be constant during 
expansion, find the heat absorbed. 

For this condition 

dr = o 
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in the first and second of equations {JB\ and from the first 
we have 



H 



=fpdv, 



(35) 



which may be integrated if ^ be a known function of v. 
The equation of the path of the fluid will be equation (2), 
making r = r^^ 

the value of p from which substituted in the preceding 
equation gives 






(36) 




The first member of this equation may 
be represented by the area (p^ABqt^ 
Fig. 19j and the last member by v^A 
B -w,, which is the external work done 
during the expansion ; hence, in a per- 
fect gas the external work done during 
an isothermal expansion equals the heal 
absorbed — a necessary result, there be- 
ing no internal work. 

Since the area ^ J? J is common, it follows that, for a 
perfect gas, 

(p^h B (p^ = v^Ah v^. 

53. Let the volume be constant. 

dv = and v = -y,, and equations {B) give 

i7=:C;(r._r.); 

S= C^ (r, - r.) - V, (/>. -p). 
But the equation of the gas gives 

v^p, = E r„ V, p, = B T„ 
and the condition of the problem gives i>, = t>, ; 
.•.^=C^(r.-T,)-J?(r,-r.) 

= (<7p-i?)(T.-T.), 



Then will 



(37) 
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which placed equal to equation (37) gives 

(7, = c; - R, 

as before found in equation (29). 

54. Let the pressure be constant. Signifioance 
of Ry equation (29). Let the heat absorbed be 

dH= C^dr, (38) 

and equation (-ff), becomes 

(C'p — C^)dr = pdv; 

and since ^ is constant during the absorption of heat, as indi- 
cated by the condition in equation (38), we have by integrating 
the last equation between the limits r and r + 1 f or temjier- 
ature, and v^ and v^ for volumes, observing that v, — v^ will 
be the horizontal distance between the isothennals r and 
T -{- 1 at the upper extremity of the ordinate jp, we have 

that is, the valiie of R is the eneryy 
exerted hy one pound of the gas 
m expanding at consta/nt pressure 
while the temperature ijicreases one 
degree. 

In Fig. 20, if the isothermals through 
A and R respectively differ by one 
degree, A R being horizontal, R C 
vertical, we have 

Op = m^ A R m„ Cy =: m,0 R m„ 

and by the second law, 

V, A Ov^ = m^ A Om^; 
.' . Cp — Cr — m^ARm^^m^ CR ?n, = m^ AR Cm^ 
=^m,A Cm^ + ARC, 
= v,ACv,-\'ARC = v,ARv^; 
.'.R = v^ A R v„ 
which is the external work done during the expansion at 
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constant pressure from the state A on one isothermal to the 
stated on the isothermal one degree higher, as stated above. 
For air this becomes 53.21 foot-pounds (Eq. (3)), or 
53.21 -=- 778 = 0.069 of a thermal 
unit. 

55. Let the path be arbitra- 
ry. Then will the first of equations 
{B) give 

ZT — A? rf V = CV (r, — r J. 

The second term is, Fig. 21, 

lpdv = v^ABv„ 

and may be separated into two parts. Through A draw the 
isothermal A (7, and the adiabatios A m^ Gm^j B m^\ then 

v^ A Cv^ = m A G mT\ 

}pdv='mACmr'\'ABO. . 




FIO. 21. 



/^ 



But 



JT 



JI =z m A B m^; 

'jpdv^mABm^ ^ m A C rrw — AB C 

^mrCBm^^: C^{r^- r,\ (Eq. (37)) ; 

that is, to find the increased energy of the substance in 
passing from state A to state B due to the absorption of 
heat, through the initial state A of the substance represented 
on a diagram of energy pass an isothermal, and note the 
point G where it intersects the ordinate to the second state, 
then will the area between C B and two adiabatics drawn 
respectively through C and B indefinitely extended in the 
direction of increased volume, represent the increased 
energy of the substance. 

Let the isothermal A C h^ prolonged to an intersection 
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with Bq^^ at Dj Fig. 22, then according to the seecmd law 
the indefinitely extended area ^, CD q>^ will eqnal t?, CD t/, 
to which adding the area £ C D^we 
haye 

g},CBg>^ = v^BDv\ 
by which means the increased energy 
of the substance in the state B over 
that in state A may be represented by 
the finite area v^ B D v\ Thus in 
working from t, to t\ along the path 
A Bj Fig. 23, the external work v^AB 
T, will have been done, and the energy of the snbstance 
will have been increased by the heat absorbed an amount 
represented by the area v^B D v'. This mode of repre- 
sentation is due to M. Cazin. 

If a piston were driven by the expansion of a fluid with- 
out absorbing or emitting heat, it would 
do the work v^ A Ev„ Fig. 22, where . 
^ ^ is an adiabatic ; but if the heat 
of the expanding fluid be maintained 
constant, it will do the work v^A C v^ 
where J. C is an isothermal. In the 
latter case, the heat absorbed, <p^A C 
g)„ according to the second law, equals 
the entire work done, v^A Cv^] but 
the work done due to the heat absorbed exceeds that done 
by adiabatic expansion by the area E A C 

EXERCISES. 

1. Deduce equation (37) from the second of equations {B)^ 
employing any other equation necessary. 

2. How many foot-pounds of heat must be absorbed 
by 2 pounds of air in expanding to double its initial 
volume at the constant temperature of 100° F.? How 



% 


B 




A 


liilriiii. ^— 
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many degrees F. would it raise the temperature of 20 
pounds of water » Here, r^ = 460.66 + 100 = 560.66, and, 
equation (36), 

J7 = 2 X 53.21 X 560.66 X (2.303 X 0.801030) 
= 41370 ft.-lb8. 

3. How many B. T. U. of work must be expended in 
compressing 3 pounds of air at the constant temperature of 
15^ 0. to one fourth its initial volume ? 

4. By means of equations (3), (29) and (31) reduce equa- 
tions {B) to the following : — 



dir= Cj, [o.711 rf T + 0.2887 r ^]- 
dJI= C^ ri.406 rf T - 0.406 r ^1- 



(39) 



5. The specific heat of hydrogen at constant pressure 
being 3.4090 find the specific heat at constant volume. 
Find the ratio of the specific heat at constant pressure to 
that at constant volume. 

6. The specific heat of oxygen at constant volume having 
been found to be 0.1551 find the specific heat at constant 
pressure; the ratio of the two; and their values in foo^ 
pounds. 



7. Having 
and 


(7p - (7, = i?. 




S^ = r = 1.406, 



to find Cp and C^ in tenns of B. 

= 3.463 a = 

r 



Ans. a = 3.463 B = — 21^ B. 
Y — 1 



C, = 2.461 B = -li- B. 
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8. Find the value of D in equation (32), and the value of 
Cv in terms of -Wo. ^ 

9. The specific heat of air being 0.2375, and the weight 
of a cubic foot being 0.080728 lbs., and the weight of a 
cubic foot of hydrogen being 0.005592, find the specific 
heat of the latter by equation (34) and compare the result 
with the tabular value. 

10. How many foot-pounds of heat must be absorbed in 
expanding three kilograms of air at the constant temper- 
ature of 30° C. from 3 cubic metres to 5 cubic metres % 

11. If the equation to the path of the gas be^ = a t? + ft, 
the initial volume v^ = 10 cu. ft., initial pressure 2000 lbs. 
per square foot, the terminal -y, = 20 cu. ft., jp, = 6000 lbs. ; 
how much heat must be absorbed in passing from the 
initial to the terminal state, how much external work will 
be done and how much will the energy of the substance be 
increased { Let the substance be atmospheric air. 

Ans. H = 232000 ft.-lbB. 

( pdv = 35000 '' « 

H^ fpdvr=: 197000 " « 

12. How much heat must be absorbed by a perfect gas in 
expanding at a constant pressure from v^ to t?„ the initial 
temperature being r^ ? What will be the final temperature ? 

13. How much heat must be absorbed by a perfect gas in 
expanding from the state jp,, t?, to je?„ v„ the equation to the 
path being i?' = m (t; — J) ? If gas be air, p, = 2000 lbs. 
per ft.,^, = 6000, v, = 10 cu. ft., and t?, = 20 cu. ft. 

Ans. 291000 ft.-lbs. 

14. In the preceding example, the heat absorbed would 
raise the temperature of how many pounds of water through 
three degrees F. ? 

15. How many B. T. U. will be required to double the 
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volume of one pound of air at constant pressure from the 
temperature of melting ice ? 

16. How much heat will be absorbed in expanding a per- 
fect gas to twice its initial volume, if the equation to the 
path be^ v^ = (? (a constant) ? 

56. Let the gras expand without transmis- 
sion of heat. Since no heat is absorbed or emitted, we 
have, in equations (j9), 

.'. Cy dr = —pdvj 
C^dr =z ^ dp. 

Dividing, gives 

dp _ ^^_ ^t? 

Integrating, 

where J?, and v^ are the initial limits, the other limits being 
general. From this we find 

y y 

p V = p^ v^ = constant^ (40) 

which is the equation of the projection of the line of no 
transmission on the plane jp v. To find it on the plane r t), 
eliminate J? from the preceding equation by means of equa- 
tion (3) and find 

which are the equations to the adiabatics for perfect ga^es. 
If J7„ v^ r, be terminal values, then 

L.=.(^=(h.)T (42) 
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EXERCISES. 



1. Two cubic feet of air at 60^ F., and initial preesme one 
atmosphere (absolute), is compressed in a cylinder to 5 at- 
mospheres gauge pressure ; if there be no transference of 
heat, required the terminal temperature and volume, and 
the pounds of water at 50*^ F. necessary to reduce the tem- 
perature to es"* F. 

We have, omitting OM in the temperature, 

Tj = 460 + 60 = 5«0' F. 

r, = 5d0 i})^^ = 878' F. 



V, = 2 (i)^^^ = 0.659. 
TF (66-50) = 2 X 0.2875 (r, -. 525) X 0.0807 
. •. Tr=.89Jb. 

2. If one cubic foot of air expands from a pressure of 4 
atmospheres gauge pressure and temperature of 60° F. to 
an absolute pressure of one atmosphere without transmission 
of heat, required the terminal temperature. 

We have 

r, = 620 (i/*^^^ = 827* ; 
. • . r, = 827 - 460 = - ISd** F., 

or the termimil temperature wUl be 188° below the zero of Fahrenheit's 
scale. 

67, It will be seen from exercise 2 that a low tempera- 
ture may be secured by suddenly expanding a gas fi-om a 
high pressure and moderate temperature to a low pressure. 
This principle is used for commercial purposes, one form of 
which is called "cold storage." A gas — as ammonia — is 
compressed to a comparatively high tension, thus increasing 
its temperature, and allowed to cool while under high ten- 
sion, after which it is expanded to a low tension, thus pro- 
ducing a low temperature of the fluid. A liquid whose 
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freezing point is lower than that of water — ^teehnieallj called 
^ brine "—is made to circulate in pipes through the cool fluid, 
thus reducing its temperature, after which it passes to com- 
paratively air-tight compartments containing the articles to 
be preserved — such as meat, vegetables, fruit, eggs, &c. Any 
desired temperature may be thus maintained for any length 
of time at all seasons of the year. Meat is thus stored and 
kept frozen for months. 

Ice machines are constructed on the same principle, by 
means of which ice may be manufactured during hot 
weather. 

58. An air-compressor is a machine, or engine, for 
compressing a gas, as atmospheric air, to a higher tension. 
Air thus compressed is useful for many purposes — especially 
for driving engines in the place of steam, when the power 
is to be transmitted a considerable distance, and especially 
underground. It does not condense like steam. If the heat 
which is generated in the act of compression could be re- 
tained until the Air is used in the motor, it would be 
useful, but a large portion of it generally escapes through 
the walls of the conducting pipes and storage reservoirs, 
and hence is energy lost. To avoid this loss eflEorts are 
made, in the use of the best compressors, to prevent as 
much as possible the rise of temperature during the pro- 
cess of compression, by injecting water into the cylinder. 
The water should enter the cylinder in the form of a fine 
rpray, the elements widely diverging, so ad to fill, as nearly 
as possible, the entire cross-section of the cylinder with a 
mist. 

If compressed air escaping from a vessel suddenly ex- 
pands, its temperature may be reduced to such an extent as 
to freeze the water in it and choke the exhaust. This an- 
noyance is reduced, and sometimes prevented, in the case of 
motors, by causing warm air to circulate about the exhaust, 
or by gradually increasing the section of the outlet. Eef rig- 
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eration and the principles of the air compreBsor are discufised 
on pages 301-306 and in Chapter Y. 

EXERCISES. 

1. An air-compressor whose cross-section is 2 square feet 
and stroke 3 feet takes in air at a tension of 14 pounds per 
square inch and temperature 60^ F., and compresses it to 60 
lbs. gauge pressure without transmission of heat ; required 
the final temperature and the pounds of water at 50*^ F. 
necessary to reduce the temperature of the air to 55** F.; to 
70° F. ; to 90° F. 

2. In the preceding exercise, if the air at 60 lbs. gauge pres- 
sure and 70° F. expands adiabatically to a final pressure of 20 
lbs. gauge pressure ; required the final temperature and the 
pounds of water that it would cool from 60° F. to 32° F. 

3. Bequired the entire amount of heat-enei^ in one 
pound of atmospheric air, at the temperature of melting ice, 
considered as a perfect gas. 

Considering that It is brought to its present temperature by being 
heated from absolute zero at a constant volume, we have, in the firat of 
equations (B), 




'"S""- 



= a r. (a) 



= 181.40 X 4»3.6« = 64785 ft.-lbe. (5) 

We may also consider that the entire heat- 

energy has been transmuted into external work 

by an adiabatic expansion, A B, Fig. 24, in 

which case we have, from the first of equations 

dff== 0= CVdr+^dv. 



But from equation (40), 



y -y 
• . p = Po vo V = a t», Fig. 94 ; 



• ^.-^ 0^ / dr ^p^Vo / v'^dv. 



[W.] 
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OtT, = - 

7-1 



26214 



= 64735; 



7-1 
. ' . 7 = 1.405 very nearly. 

If 7 = 1.406, as previously found, then 

.^^11 == 64566, 
7-1 

which Is about ^iv of this value less than the preceding. 

If the terminal temperature be the zero of the air tliermometer, then 
the value of ^in equation (a) would be 

E = 181.40 X 401.18 = 64584, 
which agrees very nearly with the preceding value, where y =. 1.406. 

4. Eequired the height to which a ball weighing one 
pound could be projected upward in a vacuum by the heat- 
energy in one pound of air under the pressure of one at- 
mosphere at the temperature of melting ice. (Use the 
value in (J) of exercise 3.) How many times the height of 
a homogeneous atmosphere ? 

5. Required the entire heat-energy in one pound of hy- 
drogen at sea level at the temperature of melting ice. 

6. Required the heat-energy in two pounds of air under 
the pressure of one- atmosphere at the temperature of 
100° F. 

7. If a gas be forced into or out of a receiver of constant 
volume, without transmission of heat, can equations (42) 
be transformed so as to give the rela- 
tion between weights, temperatures and 
pressures? 

8. For a perfect gas, verify the fact 
that the external work v^AB t?„ Fig. 
25, equals (p^AB<p^^AB being an iso- 
thermal, A (p^ and B <p^ adiabatics, by 
finding the area (p^hB <p^. 




The equation of A <p\ wiU be 
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Y Y 

of B<p%, l?t Vi = P V ; 

y 
from the former, p = « c = ?^\ ^- ^' 

V 
Y 

from latter, p=zed= —^ ; 

V 

y y 

Pt V* — Pl Vl 



,de 

V 
V 



and 



f Y y\ r'dv 



Y l-Y 

_ jP, V, ~ Pl V, V, 

y-1 

Also, ^ . rvt y dv 

area vi ^ ft v« = ' -* - — 



Y 1 — Y 

r, y dv Pl Vi — Pi V, V, 
P»^»— = F=l ' 

and since ^ £ is an isothermal, we have pi »i = pt vi ; hence 

area q)i b B <pt ^ area vj ^ ft vj. 
Adding ABbAio both, gives 

I'l -4 jB vj = ^ J. J? <Pa. 

9. In a perfect gas, show that if the 
states A and B, Fig. 26, are on the 
same isothermal, the intrinsic energies 
are the same at those states, and hence 
independent of the path of the fluid 

^« between those states. 

f 

This follows directly from the analysis of 
exercise 8 ; for it is there shown that the intrin- 
sic energy at A will be 

p» y» 
and hence at B ?^ • 
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but since J. and Bare on the same isothermal, we have 

and, therefore, the two preceding expressions are equal, independently 
of the path between the states A and B, 

10. In a perfect gas, verify the principle 
areas between consecutive isothermals 
and a pair of adiabatics are equal, by 
using the equations to the adiabatics. 

Let A B, Fig. 27. be an isothermal— the top- 
most one— y z any other, both limited by the 
pair of adiabatics A q)i and B tp^. Let isother- 
mals be drawn under A B and y z resi)ectively, . 
so that the difference in temperatures will be 
d r in each ; the length of the one aX A B 
measured on the axis of abscissas being v, — vi, and otyz, v« — vi, we are 
to prove that 




via. 97. 



dp dv z= I dpdv. 



Let the equations to the lines be 

p V = a = jB Ti for -4 B, 

I? V = d = U r, f or y «, 

y 
p V = 6 for ^ ^1, 

y 
pv ^ dor B <p%. 



(1) 
(2) 

(8) 
(4) 



To find the abscissa, vi, of the point of intersection oiAB and A <pi, 
make p common to equations (1) and (8), eliminating which gives 

1 



Ov, 


= v.= 


(f 


Simflarly, from (1) and (4), 




J 




v« = 


(r 


• 




{if" 
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Similarly, for the points y and «, we have 









1^ 






V4 __ Va 



From the equation to a perfect gas, we have 
p V = jBt; 

V 



. / '''dpdv = Rdr I ""^^^EdT log '!l, 
)f the strip A B, 

i ""* dpdv = BdT I ""'^^RdT log-. 



which lis the area of the strip A B, 
Similarly, 



which is the area of the strip at ^ 2 ; but since !!5 = ^, as shown above, 
it follows that these strips have equal areas. **• "* 

It appears from the above that the lengths of the strips A B and or y 
are unequal, for 

1 1 
^-^x- j = -y-, (say). 



but 



v« — V, = 



oi-i.jy-i ^ 



1 ~ _1_.' 



t58.J 
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For instance, if the temperature of the isotbermal y z were 800° abso- 
lute, and of A B, 000° absolute, then from (1) and (2) above we have 



= 3. 



and 






^4 — vi I a\ 

or the strip sXyz for the 800° absolute temperature would be more than 
5i times the length of the topmost, or the 600 degree one. For the 
depths we have 

dpi =-clr, at^ 

dp^--dr,BXB, 
v% 

dp% =:t^dT, aty, 
dp% = — d r, at a, 

being less and less from A toe. If 09 = 2 «i, then «4 = 2 ««, and 

dpi = 2dp,, 
d Pa = 2 d J94 ; 
and further, if v% = Vt, then 

dpi = 2 dpt = 4:dpt. 

The strips increase in length as the isothermals are lower in temi)er. 
ature, but decrease in depth. In the case of perfect gases the consec- 
utive isothermals cut equal areas from the area representing external 
work, and the area representing heat, so that in Fig. 15 we have 
abed ^ efhg. 

11. In Fig. 28, show that the area ^ 

V, A^ J5, -y, = v^ A^ B^ v^ for perfect K^^A* 



for Bi J?,. 



Let the equations to the lines be 

for Ai A%, pv = Ci, 

pv- <J,, 




for A9 M%, 



pv^ = Ca ; 



from wbich the co-ordinates of ^1, ^s. ^1, ^s, may be found. Thus. 
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1 
Ovi ss vi -= {—y^f and similarly for the other oo^rdinates. We have 

and the area v% A% B% v% reduces to the same value ; hence, in working 
around Carnot's cycle the work done during expansion without trans- 
mission of heat equals that done during compression also without trans- 
mission of heat, and they pancel each other. This should have been an- 
ticipated, since all the work done is by a transmutation of heat. 



12. A cylindrical vessel the area of whose ba^e is one 
square foot contains 2 cubic feet of air at 60° F. when com- 
pressed by a frictionless piston of 2000 ponnds resting npon 
it ; required the volume and temperature of the air if the 
vessel be inverted, there being no transmission of air or 
heat 

13. A cylindrical vessel the area of whose base is a 
square feet and height h feet is filled with air at 60° F. and 
pressure of one atmosphere; a frictionless piston whose 
weight is 1^ is placed at the upper end and dropped into the 
cylinder ; if there bo no escape of air nor of heat how much 
will tlie air be compressed, and what will be its temperature 
at the instant of greatest compression ? 

Let x = the height of the volume of air when the piston has descended 
to its lowest point ; 
p = the pressure of the atmosphere on a square foot ; 
then will the work done during the descent of the piston be 

{pa ■\- it) (h-x)\ 
and the opposing work done by the air will be 

from which the value of z mav Ix; found when numbers are substituted 
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for the other letters, and therefore b ^ x becomes knowa The adi&batic 
relation also gives 

/b \y-^- 
r.= 5aO.«(-J 

14. If the heat absorbed varies as r^ find the path of the 
fluid. 
Here ff=ar^;^^ 

and the first and second of equations {B) give 
in which substitute 



an r'""* dr = Cpdr — ^dp\ 



V p 

and dividing through bj r, thus separating the variables, and integrating, 
gives 

Eliminate r by means of equation (2) and find the equation in terms of p 
and V. Equation (2) may be deduced from the last equation here given. 

15. If the heat absorbed varies as t;" find the equation to 
the path of the fluid. 

16. If the heat absorbed varies as ^" find the path of the 
fluid. 

17. If jy = a ^ + ^i^" ^^^ *^® equation to the path. 

APPLICATIONS. 

59, Velocity of a wave in an elastic medium,* 

This article is a digression for the purpose of establishing a formula from 

• The general problem of wave propagation has received the attention 
of several of the most eminent mathematicians since the days of Newton, 
and many problems have been solved in a satisfactory manner. The 
simple method of Newton, Prindpia, P^rob's XLIII.-L., B. II., has not 
hoen excelled, and the definite theoretical result obtained is quoted to 
the present day, although the effect of heat upon the velocity of sound 
was not then known. La Place, in the MScaniqve Celeste, tomes II. and 
v., has treated of the oscillations of the sea and atmosphere ; Lagrange, 
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which 7 may be deduced. Assume that the medium is confined in a 
prismatic tube of section unity, E the coefficient of elasticity for com- 
pression, j9i a force which will produce a compression <2 y in a length d x, 
then from definition we have 

The lamina d x wiU be urged forward — or backward — ^by the differ- 
ence of the elastic forces on opposite sides of it, and as the quantities are 
infinitesimal, this difference will be dpi ; or 

p =dp,= E^^ 

Let Z> be the density of the lamina, then its mass will be M ^ Ddx, 
and we have from equation (21), page 18, of Analytical Mechanics, 

df^dx 



or. 



which is a partial differential equation of the motion of any lamina, the 
integral of which is given in works on Differential Equations. One 

of the methods is as follows : Let E ^ D = a*, and adding a ^ 

* dxdt 
to both members, we have 



dt Kdt^'^dxJ dx \dt^ dxJ 



Let 



^- dt^'^dx' 



in the Mecanique Analytiqv^, tome II., has discussed the problem of the 
movement of a heavy liquid in a very long canal ; M. Navier published 
a M^moire on the flow of elastic fluids in pipes, in the Academie des 
Sciences, tome IX. ; and M. Poisson wrote several Memoires on the propa- 
gation of wave movements in an elastic medium, and the theoiy of 
sound, for which see Journal de V&ole PolylecJinique, 14th chapter, and 
of the Academie d^s Sciences, tomes II. and X. These eminent mathe- 
maticians established the basis of the analysis for the solution of the 
problem. More recently we have M. Lame's Le^ns svr VElasiiciti des 
Corps solides, and Lord Rayliegh's TrecUiae on Sound, both of which are 
works of great merit. 
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where the parenthesis indicates a partial differential coefficient, and 
and equations (48), (44), (45), give 

The total differential of r = f(x, C) is 
by sabadtuting (46), 

and integrating, 

where -Fis any arbitrary function. 
Similarly subtracting a f "i ^ from (43). 

r=/(«-«0 = i|-af^. (48) 

at az 

Adding and subtracting (47) and (48), we have the respectiTe equations 
^ = iJ'(* + aO + i/(*-aO, 

But 

and substituting from above, gives 



dy = s^ i9'(iD + a rf (a! + a O-s^ /(«- a tf (^ - « 0; 



integrating, 

y = V(« + aD-^(«-aO, (49) 



74 PEBFEOT GASES. [59.] 

where if and g> are any arbitrary functions whaterer. Their character 
and initial values must be determined from the conditions of the prob- 
lem. The equation represents a wave both from and toward the origin. 
If the wave be from the origin only, the <p function may be suppressed, 
and we have 

. . y = V»(ir + a(), (50) 

and differentiatmg, 



(f|) = V^(x + «0. 



which is the rate of dilation (the expansion or contraction of a prism of 
the air), and 

(|{)=a.V^(x + .«); 
which is the velocity of a particle, and dividing the latter by the former, 

|^=a. (51, 

which is the velocity of the wave ; hence, 

t* = a = y^, m 

which is Newton's formula {I^neipn, ii., % 8). 

The elasticity of air equals its tension ; hence, if p be the pressure per 
square foot, w the weight of a cubic foot, and H the height of a homo- 
geneous atmosphere, then 

u = >J/^ = i^JW; (58) 

hence the velocity of tound would equal the wlocUy of a body falling 
thimtffh a heiffhi equal to one half the height of a uniform atmo§phere cf 
that eubstance. 

This principle is applicable also to the vibration of elastic cords, and it 
is found that 

The velocity (jfvStration of an efn9tie cord equals the fteloeUy of a body 
falUng freely through a height equal to half the length of the same ooird 
tohoee weight would equal the tendon. 

Similarly, for long waves, or waves on water whose length is small 
compared with the wave-length, 

The velocity equals^ approximately, the velocity of a body falling freely 
through a height equal to half the depth of the sea. (Ency. Britannica.) 

It has been assumed that E and D remain constant in wave motion ; 
but it has long been known that the results given by equation (58) for 
gases do not agree with those ''ound by experiment, and Lh Place showed 
that the elasticity was Increased by the action of the wave due to com- 
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preasion. It is neoeasary, therefore, to conmder equation (52) correct 
only for ultimate values ; or 

Since 






(56) 



60. To find the value of y, we have from equa- 
tion (56) 

w 

r = — t^*;- (56) 

by means of which y may be fomid when the velocity of 
sound in a gas of given weight and tension are known. We 
have 

i^__ J^ ^ 1_ To^. 

p ~ pv'^ PoVo'r ' 

.\y = —^ , (57) 

which reduces the determination of ^^ to that of the velocity, 
Uy of sound in a gas at known temperature r ; ^, ^^ r^, being 
known. 

61. The Telocity of sound has been determined 
by direct experiment with the following results : 

Velocity per second. 
In dry air at 0« C. Centimetrea. Fee>. 

MM. Bravais and Martins 33237 1090.5 

Hr. Moll, Van Beck, and Kuytenbrouwer 33226 1090.1 

The French Academy, 1738 33200 1089.2 

« " " 1822 33120 1086.6 

M. Regnault 33070 1085.0 

M. Le Roux 33066 1084.9 



Mean. 83153 10a7.T; 
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Again, if v be the velocity of sound, A the wave length 

and n the number of waves (or the frequency of the waves) 

in a second, then 

V = n A. 

By this means it has been found for the velocity of sound 
in dry air at 0° C. 

CentimetraB. FMt. 

By M. Dulong 33300 1092.5 

" Hr. Seebeck 33277 1091.8 

" M. Schneebeli 33206 1089.4 

" Hr.Wertheim 33313 1093.0 

Mean 33274 1091.6 

Hr. Kayser determined very accurately the wave length 
X, by means of Professor Kundt's dust figures, correspond- 
ing to a given tone of vibration, or frequency n, by which 
means he found for 

CeDtimetren, Feet. 

the velocity of sound in air at 0° C 33250 1090.9 

Mecm of the eleven determinations 33206 1089.4 

The height of a homogeneous atmosphere of dry air at 
0° C. as determined by Regnault is 26214 feet ; hence, the 
theoretical velocity of sound in air, neglecting the eflEect of 
wave condensation, would be 

V = /262i4 X 32.2 = 918.7 ft. per second ; 

This value of y is on the supposition that air is a perfect 
gas, and the error resulting from this hypothesis is scarcely 
appreciable, and certainly cannot aflEect the result so much 
as the errors of observation. The mean of such a large 
number of good determinations is probably more reliable 
than any single observation taken at random. This was the 
original mode of finding the value of y^ ^^^ *^® ^'^1 ^^® 
known before the determination of Joule's equivalent. It 
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is nearly the same for all the permanent gases, as air, 
hydrogen, oxygen and nitrogen. 

62. To find the specific heats of the sensibly 
perfect gases. We fomid in equation (32) that 

C; = ^jJ?; (59) 

••• ^v = ^ i?. (60) 

For air we have 

(7p = ^ 53.37 = 184.83; 

.-. ^p = 184.83 -^ 778 = 0.23757. 
The mean of the values given by Kegnault is 0.23751 
{Hdation desExp.^ tome II., p. 101), the first four figures of 
which agree with the results of our computation. Professor 
Rankine was the first to make this computation, in 1850, 
using, however, y = 1.4, which gave ^p = 0.24. Up to 
tliat time this was the most accurate detennination of the 
specific heat of air ; and when, soon afterward, the very 
accurate and entirely reliable experiments of Regnault gave 
very nearly the same result, Rankiue's determination was 
considered a crucial test of the correctness of the dynamical 
theory of heat 

63. To find the mechanical equivalent of 
heat by means of the specific heat of a gajs. From equa- 
tion (69) we have 

,.J=-^.^. (61) 

Having found y by means of equation (58) without a 
knowledge of the value of J, and li and Cp having been 
foirnd by Regnault, we have, by substitution, 
, 1406 63.87 ^^„^ 
•^ = l06 >< 0:2375 = ^^^ foot-pounds 
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on the scale of the air thermometer. If i? = 63.21 we 
find J = 776 for the probable mechanical equivalent on 
the absolute scale. The former equak 426,8 kilogram - 
metres. This was substantially the method originally used 
by Mayer of Germany, by which means, in 18-1:2, he found 
865 kilogram-metres, and Holtzman, in 1845, found 374. 
The fact that Dr. Mayer dssumed air to be a perfect gas, 
and made no attempt to prove the correctness of the 
assumption, added to the fact that the value he obtained 
was scarcely a rough approximation, has, in the eyes of 
some historians, deprived him of the honor of being the 
first to determine this important constant. Joule justly has 
the credit of first determining it accurately. Mayer did not 
work out the equations as above, but solved tlie problem in 
the most elementary manner, the process for which is 
worthy of special study. Thus, he considered that it re- 
quired a certain amount of heat to increase the temperature 
of a given amount of gad at constant volume — all of which 
simply made the gas hotter, and if tlie gas expanded against 
an external resistance it required more heat in order to 
maintain the liigher temperature — thus reviving the idea 
of Rumford and Davy. Let one pound of air under the 
pressure of one atmosphere, p pounds per square foot, 
occupy the volume v. The increase of volume for one 
degree of temperature, p being constant, will be t) -r- r, and 

hence the external work done will be ^-— = B (equation 

(2)). The heat absorbed at constant volume will be <?^, 
and, at constant pressure, Cp, and the difference of these 
amounts of heat does the work B, provided no internal 
work is done; hence, 

<^p — ^v (r — 1) ^T 

as before. 
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64, The constants e/, R, y^ are so related as to serve as 
mutual checks upon each other, but this relation does not 
determine the exact values of any one of them. When de- 
termined directly they are subject to small errors, due 
chiefly to errors of observation, but the results are believed 
to be correct within i of one per cent, and in some cases 
the error is probably much less. 

65. Other methods of determining; y. This 
constant has been found by the principle of adiabatic ex- 
pansion. Thus, equations (41) give 



'^ log v^^ log V 

log r — log r^ 

^ log Vj '— log V 



+ 1 



logp -logp. 



logp — hgp, ^ log T -{- log r^ 

To secure data for use in tliese equations, MM. Client 
and Desormes used a 20-litre glass globe closed by a stop- 
cock -4, Fig. 29, and connected with 
a vertical glass tube B^ dipped into 
water, which acted as a manometer. 
By means of an air-pump attached at 
D a partial vacuum was produced in 
the vessel, after which, by opening the 
cock at il a very short time, air would 
rush in and produce the pressure of 
the external atmosphere, and by com- 
pressing that already in the vessel, raise the temperature ; 
and after the cock was closed it cooled to that of the sur- 
rounding temperature, and the pressure diminished. In the 
preceding equations let jp = ^<j = the atmospheric pressure, 
p^ the initial and^ its final pressure; then the .temperature 
being the same at the beginning and end of the experiment, 




via. 20. 
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we have 

or 

log v^ — l'Og V = log p — logp^ ; 

' log p —logp^ 

It was found in one of the experiments that 

p^ = 1.0136, jp, = 0.9953, jp = 1.0088; 
r.y =^ 1.3524.* 

MM. Gay Lussac and Wilter modified this experiment by 
forcing air into the vessel and allowing it to escape adiabati- 
cally nntil the pressure in the vessel equalled that of the 
external air. They found 

p^ = 1.0096,^, = 1.0314,^ = 1.0155; 
.•.>^ = 1.3745.t 

In this manner M. Him found 1.3845, M. Dupr6, 
1.399, Hr, Weisbach, 1.4025, M. Masson, 1.419 for air. For 
carbon dioxide M. Masson found 1.30. 

The discrepancy in the results arises chiefly from the fact 
that the changes in pressure are not adiabatic, but the 
inertia of the inflowing gas produced a compression exceed- 
ing the normal value, resulting in a reaction tending to force 
a portion of the air out again, producing an oscillating effect, 
as shown by M. Cazin,:|: who also found, by similar means, 
the same value, 1.41, for air, oxygen, nitrogen, hydrogen 
and carbon monoxide. 

Hr. Kohlrausch substituted an aneroid for the manometer 
used above, because more sensitive to pressure, and found 
y = 1.296 {Pogg. Annalen, 1869, CXXXVI., 618). This 

* Jour, de Phyinqve, LXXXIX. (1819), 42a 
t Ann, de Ok, et de Phys., 1821, XIX., 486. 
t Ibid,, 1862, LXVL, 206. 
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result was not considered good on account of the small 
quantity of air used in the experiment, although the method 
is considered an improvement on the preceding. 

Dr. Rontgen in 1872 made a series of experiments with 
a more perfect apparatus, containing a much larger quan- 
tity of the gas, the mean of ten good experiments giving 
y = 1.4053 for air {ibid. (1873), CXLVIII., 580). 

The difficulty in thesQ experiments of obtaining the ob- 
servations for strictly adiabatic changes generally results in 
too small a value for this constant. 

66. Flow of gases. The flow oi perfect gases as af- 
fected by the principles of thermodynamics was investi- 
gated by Messrs. Joule and Thomson {Proc. Roy, Soc.^ 
1856) and Weisbach {Civilingeyieury 1856). See the au- 
thor^s Analytical Mechanics^ page 389. 

Let w = the weight of a unit of volume, 

p = the pressure at any point of the issuing jet, 
V = the velocity at the point where j9 is measured ; 

then, for a unit of section and distance d s the mass moved 
will he^wds-T-g and the work done hy dp will be 



' ' 2g "•/ w ' 



If the cooling due to the expansion during dischai^ 
follows the adiabatic law, then from equations (41) we have 



(:-')'"■= (s,)'"'=(f,) 

1 



y-_l 

y 
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which substituted above gives 

II = 21 r'i£-_r_ P, r _r.-l . 

where j9, is the tension just within the reservoir, andjp, that 
just outside. But the equation of a perfect gas reduces to 



which in English units becomes 



r=/.x3...x^«^-..(i-r;) 

= 14.933 4/ ^^' r. (1 - I') ; (63) 



and this for air becomes 



V = 14.933 r 53.21 r^ (l - -■) 

= 108.93 |/ T ^1 - 5), nearly. 

If the flow be into a vacuum, j)^ = o; , • . r, = o, and 
V= 108.93 4/f;^; 
which at the temperature of melting ice becomes 

V = 108.93 i/492.66 = 2417 feet per second. 
Making r^ z= o in equation (62) and comparing with equa- 
tion (56) of Article 60, shows that the velocity of discharge 
into a vacuum will be 

/HI 

^ r-i 

times the velocity of sound in the gas at the melting point 
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of ice, which for air becomes 2.214 X 1089.4 = 2417 feet 
per second, which is less than half a mile per second. 

67. The weight of gas escaping per second will be 

^.C = *i>.^(^')^i/1^ . _[^(!I=lL), (64) 

in which 

Q = the volume escaping measnred outside the reservoir, 
w^ = the weight of unity of volume outside the reservoir, 
S = the section of the orifice, and 
h = the coeflScient of efflux. 

Equation (64) is a maximum for 

(^)'^=f:=C-Ti)'^=(5)'=(^;)'' <•'> 

which for air becomes 

^ = 0.831, -Pl -= 0.527, ' ^ = 0.504. 

The values of A; as found by Professor Weisbach are : 
Conoidal mouthpieces, of the form of the contracted vein, 
with eflEective pressures 

of from 0.23 to 1.1 atmospheres 0.97 to 00.99 

Circular orifices in thin plates 0.55 to 0.79 

Short cylindrical mouthpieces 0.73 to 0.84 

The same rounded at the inner end 0.92 to 0.93 

Conical converging mouthpieces, the angle of 
convergence being 7° 9' 0.90 to 0.99 

EXERCISES. 

1. For a perfect gas, if the temperature of the gas at the 
outside of the orifice equals that of the reservoir, what will 
be the velocity of exit ? 
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2. Wliat is the initial velocity with which hydrogen 
will flow into a vacunm from a vessel in which the tempera- 
ture is 60° F. ? 

3. What weight of air will flow from a very large vessel 
in one second in which the internal pressure is i atmospheres 
and temperature 100° F., the external, one atmosphere and 
temperature 40° F., flowing through a short cylindrical tube 
i inch in diameter, the coefficient of discharge being 0.8 ? 
Consider the vessel so large that the pressure may be con- 
sidered constant during the discharge. 

SUGGESTIONS FOR REVIEW. 

What does B reprefient ? In Fig. 20, may A be taken anywhere on the 
r isothermal ? Draw several verticals between two isothermals differing 
by unity and show what areas must be equivalent if Cv be constant. 
In Fig. 22, if the gas be compressed from state B to state A, show what 
changes take place in the heat. Do the principles applicable to expansion 
also hold for compression ?. What is a perfect gas? What is a thermal capac- 
ity ? Define the two more common specific heats. Can there be more than 
two specific heats ? Illustrate. If a pound of air occupies 10 cubic feet, and 
another pound 40 cubic feet, both at the same temperature, which will 
absorb the more heat in having its temperature raised one degree ? De- 
scribe Mayer's method of determining the mechanical equivalent of heat. 
What gas has the greatest specific heat ? If the mechanical equivalent 
were the heat necessary to raise the temperature of one pound of air one 
degree, about what would be its numerical value ? Describe methods of 
finding the value of y. What is the smallest value of >- given in the text ? 
the largest ? the vajue adopted ? How was the last one determined ? 
Will the greatest volume of a gas escape from an orifice when the velocity 
of exit is greatest ? Will the greatest tmglU of gas escape when the veloc- 
ity is greatest ? Why not ? 
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68. General discussion. Equations {A) are the 
general equations for the heat absorbed by an imperfect 
fluid, and for convenience are brought forward. They are 



dH- Kpdr -T (~) dp. , 



U) 



In the first of these equations the last term is the entire 
work, both external and internal, due to an expansion dv^ 
so that lip' be such a pressure that when multiplied hj dv 
would equal the entire work done, we have 



^'-(^> 



(66) 



which we call a mrtual pressure. In Fig. 30, if t;, J. = p 
be the external pressure at the vol- 
ume V and temperaturfe r, then will 
some ordinate, as v^ a, represent j^', and 
hence 

will be the real virtual pressure, being 

such an ideal pressure as would when 

multiplied by rf ^ give the internal work due to expansion 

only. If the path ^ ^ be arbitrary, we have, generally. 




FIG. 80. 
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v^ A B v^ = ip d V. 
v^ab v^ = jr i-^) d v. 

^ a J^ = jr"-[r (|£) _^] dv + q>{r), (67) 

the indicated integral being the latent heat dne to expan- 
sion, and <p (t) a function of the temperature, being the 
latent heat due to an increase of temperature. 

If K^ in the first of equations {A) is variable, then will a 
part of the heat absorbed do internal work due to a change 
of temperature. It appears, then, that the ifitemal work 
may be considered in two distinct parts : one due entirely 
to change of volume, the other entirely to change of 
temperature. 

69. Let the temperature be constant during 
expansion. This is a case of isothermal expansion, and we 
have dr = o and t = r„ and the first of equations {A) be- 
comes 

in which [ — ^ ) is to be found from the 

\drJv 

equation to the gas. In Fig. 31 let a J 
be the path of the fluid, which will be 
an isothermal of the substance, then will 
v^ahv^he the external work done dur- 
ing expansion, and let aefb represent the internal work, 
then will v^ efv^ represent the total work done, and will be 
the latent heat of expansion / and we have 

ordinate to e f^p' = r, {-jr^)» 




^■'^«-='-/(^)'". 
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EXERCISES. 

1. If equation (7) be the equation of an imperfect gas, 
find the total work done during an isothermal expansion 
from 7), to 2 v^. (Use equation (68).) 

2. If a J, Fig. 31, be the isothermal of the gases in equa- 
tion (7), and c d what it would be when or, fi and y are each 
zero, give the equations of ah^ c d^ ef^ and the values of 
v^a^ ac and c e. 

3. Given equation (7) to find the external work v,ah v^^ 
Fig. 31, and the internal, a efh. (Equations (69) and (70)). 

4. If the equation of the gas be j? i? = -ff f — — , show 

that ac = cej Fig. 31^ ah being the isothermal of the gas, 
and d what the isothermal becomes when b is zero. 

If one pound of carbonic acid gas at 300*^ F. expand 
isothermally from 10 cubic feet to 20 cubic feet, find the 
total work done, also the external and internal work. (Use 
equations (6), (69) and (70).) 

5. What will be the total internal work of expanding 
two pounds of carbonic acid gas indefinitely at the constant 
temperature of 200° F., the initial volume being 8 cubic 
feet i (The limits of integration in equation (70) will be oo 
and 8.) 

Ans. S6i footpounds. 

6. The initial volume of a pound of carbonic acid gas 
being 8 cubic feet, how much must it be compressed at the 
constant absolute temperature of 600° F., so that the inter- 
nal work shall equal the external work ? 

7. If equation (4) be the equation of the gas, in which 
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1 2 3 ^ , , . ^ . , 

a^ = — 5 a, = — i5 a. = -75 find the equation of an isother- 

mal, the external work done during an isothermal expan- 
sion, and the total work done. 
Ans. for the total work, 

70, Change of state in regard to aggregation. Let 
the temperature and pre&aure he constant^ required the heat 
absorbed. 

For this case dr = o^ and r ( P\ will be independent of 
v^ hence ^^^ ^^ 

These conditions are realized during three physical 
changes — fusion, vaporization and sublimation. 

11. Latent heat of fusion, or of liquefaction. 
Substances may be melted — changing from a solid to a liquid 
state — under the constant pressure of the atmosphere, or 
other pressure, and at a fixed temperature for that pressure ; 
and during this change of state heat is absorbed which does 
not affect the thermometer, and hence, according to the 
definition, is called latent. Its value can be found only by 
direct experiment. Having this value of H for any sub 
stance, which, for distinction, call Ilj (noticing that/* is the 
initial letter of fusioii)^ we may find 

^^^1^1^, (72) 

dp II J 

for which the rate of change of temperature per unit of 
]>res8ure may be calculated. If the volume ^y^ of the sub- 
stance in the initial, or solid state, exceeds that in the ter- 

d r 
minal, or Uquid state, y^, then will - — be negative, and the 
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temperature of fusion will be lowered by an increase of 
pressure, a principle first pointed out by Professor James 
Thomson {Edinburgh Tra7is.,Yo\. XVI.). Water, antimony, 
cast iron and some other substances, are more bulky in the 
solid than in the liquid state ; and the melting point of all 
such substances is lowered by pressure. 

The latent heat of fusion of ice is 144 B. T. U., as deter- 
mined by experiment or 144 X 778 = 112032 foot-pounds; 
and this is the work which must be expended upon one pound 
of ice at 32° F. in reducing it to liquid water at the same 
temperature, which work is necessary to completely break 
down the crystalline structure of the ice. Conversely, it is 
the equivalent of the heat-energy which must be emitted 
' from a pound of water and absorbed by surrounding objects 
in changing water from the liquid to the solid state at 32° 
F. Solids, under a definite pressure, have a corresponding 
definite melting point, or point of fusion. 

The following are some examples of the latent heat of 
fusion : 





Keltlng point 
Deg. Falir. 


Latent heat of faaion. 


Snbfltanoe. 


B. T. V. Foot-ponnds Bf. 


Ice 

Zinc 

Sulphur .... 

Lead 

Mercury 

Tin 

Spermaceti. . 
Cast iron 


32 

793 

224 

635 

-40 

455 

124 

2000 


144* 112032 
50.6 39367 
16.9 13148 
9.7 7547 
5.1 3968 
500 as given by Kankine. 
■ 26.6" " " Box on Heat, 
p. 13t 
148 (Rankine). 
46.4 (Box). 
233 as given by Clements. 



• Pha, Mag,, 1871, XLL, 182. Peclet found 185, Person, 144.04, and 
144 appears to be the most reliable. 

f We haye not d^rmined which (if either) is correct. 
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If the specific heat of water wers constant, 144 pounds of 
water at any temperature above 33° F. would have its tem- 
perature reduced one degree in just melting one pound of 
ice at 32°. The mixture after melting would reduce the 
temperature a little more. 

The expansive force resulting from congealing water was 
well illustrated by Major Williams in 1786, at Quebec, Can- 
ada, by filling an iron shell with water and driving an iron 
plug weighing over 2^ pounds into the fuse hole, and sub- 
jecting it to an out-door temperature of — 18J° F. ; when, 
upon freezing, the plug was fired out and projected over 400 
feet (Trans. Koy. Soc. Edinburgh, II., 23). 

EXERCISES 

1. If for water we have 

r = 492.66° F. 

v^ = 0.01602 cu. ft. per pound ; 
and for ice 

r = 492.66° F. 
1), = 0.0174 cu. ft. per pound, 
and Ht = 112032 ; 

how much will the melting point of ice be lowered by a 
pressure of one atmosphere, 2116.2 pounds per square foot ? 
(Use equation (72).) 

Ans. 0.0128° F. 
0.0071° (7. 

2. Kequired the pressure per square foot necessary to 
lower the melting point of ice 1° F. 

We have 



_ 1^ - ^f - l\miSi 



= 164784 lbs. 



dT T (u» - V,) 492.66 X 0.00138 
In this exercise <2 r is considered unity and dp := 164784 ; or the secr 
ond member may be considered constant and the left member integrated 

between limits, giving £!_Z^~ 164784. The notation of the preceding 
exercise may be treated in a similar manner. 
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8. If 1140 ponnds pressure per square inch will lower the 
melting point of ice from 32'' F. to 31*" F., diminishing the 
volume of one pound 0.00138 of a cubic foot ; required the 
latent heat of fusion of one pound of the ice. 

Ans. 143.2. 

4. Required the external and internal work in melting ice 
at 82° F. at atmospheric pressure. 

The external work wiU be that .done in lowering the atmosphere through 
a distance equal to the decrease of volume in changing the state of ag- 
gregation, or 2116.3 X 0.00188 = 3 foot-pounds, nearly. The.total work 
wiU be by using the result in exercise 3, 

r^dm- 493.66 X 164784 X 0.00188 = 112083 ft.-lbs.. nearly, 

and 3 pounds more due to atmospheric pressure. 

From this it appears that the work is nearly all internal, and is more 
than 86500 times the external work. 

5. The pressure required to reduce the melting point of 
ice 1° F. being 164784 pounds per square foot when the ini- 
tial temperature is r = 492.66° F. ; find the diminution of 
volume of one pound in changing from congealed to liquid 
water. 

6. Required the pressure necessary to reduce the melting 
point of ice to — 18° C, assuming that the above formula 
is valid so far below 0° C. 

7. What is the highest temperature at which ice can exist 
indefinitely in a vacumn ? 

7S. Experimental veriflcation. Sir William 
Thomson, by a delicate and beautiful experiment, proved 
that the melting point of ice was lowered by pressure {Phil, 
Mag. (1850), III., XXXVII., 123). A delicate thermometer, 
constructed for the purpose, was enclosed in a vessel with 
water and lumps of clear ice and an air gauge for measuring 
the pressure. At atmospheric pressure the ice would not 
melt if below 32*^ F., but it was found that when the con? 
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tents of the vessel was subjected to pressure the thermome- 
ter fell as the water assumed the temperature of the melting 
point of ice corresponding to the increased pressure ; and 
the observed results corresponded well with those calculated. 
Professor Mousson made the following experiment : A 
prism of steel, Fig. 32, was used, having a 
cylindrical bore 0.71 cent (0.28 inch), closed 
at the lower end by a copper cone forced in 
by a strong screw, and tJie upper end by a 
long slightly conical copper plug a pressed 
down by a steel piston by means of a strong 
screw, and when in an inverted position 
a small brass rod h was dropped in and the 
bore filled with water. After being exposed 
to cold at — 9.5° C. the protruding ice was 
removed, the copper cone inserted and screwed up, and the 
whole reversed and put into a freezing mixture at — 18° 
C, after which the upper plug was forced in at a pressure 
roughly estimated at not less than 13250 atmospheres. When 
the lower plug was removed the brass rod dropped out first, 
showing that the Iqc had been melted, permitting the rod to 
fall to the lower end. The pressure was more than five 
times. that required by theory to melt the ice, but the tem- 
perature at which it melted is unknown. 

13. It is natural to infer the opposite principle — that the 
melting point of those substances which expand when fused 
will be raised by compression, and this principle has been 
verified by Mr. Hopkins {Rep. B. A. (1854), II., 56), as well 
as by others. In Mr. Hopkins's experiments the instant of 
fusion was determined by means of a small iron ball sup- 
ported by the substance when solid, but which fell when the 
substance liquefied ; and when supported it deflected a needle 
wliich was suspended just outside the vessel, but the deflection 
ceased when the ball fell. The temperature was determin- 
ed by that of the oil in' a bath in which the whole was im- 
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mersed ; and the eflfective pressure was taken as the half 
sum of the pressures which forced the piston inward and 
that required to just permit it to return to its initial position, 
\hu8 elminating the effect of friction. 
The following results were found : — 



Preflsare 


Melting points In degreea centigrade. 


Atmoepberee. 


Spermaceti. 


Wax. 


Sterrane. 


Sulphur. 


. 1 

538.4 

820.5 


51.1 
60.0 
80.3 


64.7 
74.7 
80.3 


67.2 
68.3 
73.9 


107.2 
135.3 
140.6 



The melting point of wax will be given nearly by the em- 
pirical formula 

t^ = 64r.68 + 0.0188^. 

M. Person gives the following empirical formula as the 
results of his experiments on the latent heat of fusion of 
non-metallic substances {Ann, de Chem. et de Phys.^ Nov., 
1849). 

Z = (c' - c) (T -f 256°) (73) 

in which 

<: == the specific heat of the substance in the solid state, 
«'= '' " " " " " liquid state, 

T = its temperature of fusion in degrees Fahr., and 
I = the latent heat of fusion of one pound in B. T. TJ. 
at the pressure of the atmosphere. 



EXERCISES. 



1. K the specific heat of water be unity, of ice 0.504, and 
the temperature of fusion, T^ be 82® F., required the latent 
heat of fusion. 

2. If ice be subjected to such a pressure that it will melt 



94 IMPERFECT FLUIDS. [74.] 

at 0° F., find its latent heat of fusion, the law being assumed 
to hold good to that point ; and the amount less than at 
32° F. 

3. What must be the temperature of ice that there will be 
no latent heat of fusion, and to what pressure must it be 
subjected? 

Ans. r = - 256° F. 

Pressure = ^ ^j" ^ + 1 == 22500 atmospheres. 
0.0128 ^ ^ 

If this could be realized there would be no mechanical distinction be- 
low this temperature between solid and liquid water. 

4. Assuming that experimental results may be used to the 
extent implied in the questions here given, find the increase 
of volume due to the fusion of spermaceti at 124° F. 

For the ratio of d p to dr considered as finite, see the preceding table ; 
then we have 

Ut 148 X 778 



Vt — «i = 



^dr ^^ 140-124 



5. The latent heat of fusion of solid water at 32° F. being 
144 B. T. U. and its specific heat in the liquid state being 
unity, find its specific heat in the solid state. (Equation (73).) 

6. The specific heat of ice being 0.504 at 32° F., and the la- 
tent heat of fusion 144 B. T. TJ., find the specific heat of water. 

7. The specific heat of solid spermaceti being 0.32 and 
considering its latent heat of fusion as 46.4 B. T. TJ. at 
120*^ F., find its specific heat in the liquid state. (Equation 
(73).) 

74. Latent heat of evaporation. It is found by 
experiment that there is a definite boiling point for liquids 
corresponding to the pressure to which they are subjected, 
and from this condition they will pass into a vapor at that 
temperature and pressure. Hence, equation (71) is direct- 
ly applicable to this case, and indicating this particular latent 
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heat by i/, {e being the initial letter of evaiporatio7i\ we have 

■^* = ^ (If) (^' - ^•)' ^^*> 

and J \-=' H^. 

By determining tlie factors of equation (74) by experi- 
naent, the value of 11^ may be computed. M. Kegnault de- 
termined the value of \ directly for water at a series of 
boiHng points from its freezing point to about 375° F., which 
may be represented with great precision by the empirical 
formula, in English units, 

U. = [1091.7 - 0.695 (r - 82) - 0.000000108 (T - 89.1)» ] X 778, (75) 

or in French units, 

H. = [606.5 - 0.695 r - 0.00000088 (T - 4)« ] 426.8. (76) 

{M^moire Academie dee Sciences^ 1847. Tra/ns, Roy. 
Soc., Edinburgh, Vol. XX.) 

In practice it will be sufficiently exact to use the follow* 
ing :— 

k. = 966 - 0.7 {T - 212) 
= 1092 - 0.7(75- 32) 
= 1114.4 - 0.7 T 

= 1436.8 - 0.7 r, B. T. TJ., (77) 

or its equivalent, 

n. = 751548 - 544.6 {T - 212) 
= 867003 - 544.6 T 
= 1117830 - 644.6 r, foot-pounds, (78) 
=i a — hr. 
The latent heat of evaporation of some other substances 
is given in the Addenda. 

The exact value of the latent heat of evaporation of one 
pound of water at the pressure of one atmosphere, as found 
by Regnault, is 966.1 B. T. U. = 751624 foot-pounds. 
This is the work necessary to simply change water from its 
liquid state when at 212^ F. under the pressure of one at- 
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mosphere to the condition of vapor at the same temperature 
and pressure. Since water in the form of steam occupies 
more space than as a liquid, the molecules must be farther 
apart in the former than in the latter state, and hence, with- 
out considering their exact condition in the two cases, it ap- 
pears that it requires 751624 footrpounds of energy to sim- 
ply separate the molecules of a pound of water suflSciently to 
produce steam. This amount of heat is absorbed and dw- 
appears without affecting the temperature ; and the same 
amount reappears, or passes to other bodies, when it returns 
to a liquid at that pressure. 



Latent heat of evaporation of one pound of certain snbetanoes at the prosenre of 
one atmoephera. 



Substance. 



BolIlDj? point 
Deg. F; 



B. T. U. ' Foot-ponndB. 




Latent heat. 



Water 

Alcohol 

Ether 

Bisulphide of carbon 

Oil ol turpentine 

Naphtha 



212 
172.2 
95.0 
114.8 
316 
141 



751644 
283425 
125658 
121368 
143152 
183608 



75. Vapor is any substance in a gaseous condition at 
the maadmum density for that temperature or pressure. If a 
vapor be in contact with the liquid, as steam in the same 
vessel as water, there is a certain pressure which is at once 
the least pressure under which the substance can exist in the 
liquid state and the greatest pressure at which it can exist in 
the gaseous state at that temperature. Under such condi- 
tions the vapor is called satura^d vapor (or saturated st€am)y 
and the pressure, the pressure of satxcrajtion. If at the tern* 
perature of saturation the pressure be slightly increased some 
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of the vapor will be condensed until equilibrium be restored, 
and, conversely, if the pressure be diminished more vapor 
will be generated. To illustrate, if a cylinder containing a 
piston were placed directly over a steam boiler having one 
end open to the boiler, and the piston be forced inward, a 
portion of the steam would be condensed, and if the piston 
be drawn outward more steam would be generated — ^the tem- 
perature and pressure remaining constant while the volume 
varied. This is known as Dalton's law (Stewart on Heat^ 
p. 143). 

76. The relation between pressure and tem- 
perature of a vapor can be determined only by experi- 
ment, as has been done by Kegnault {Memoire de VAcade- 
mie des Sciences^ 1847; Corn/ptes Rendus^ 1854). His 
results are represented quite accurately by the following 
empirical formula, given by Rankine, and first published in 
the EdinhiirgK New Philosophical JournaZ for July, 1849 
{Phil. Mag., Dec, 1854). 

com. log p = J. — ~ — ;^ (^^) 

where A^ B^ (7, are constants to be detennined by experi- 
ment. That author remarks that this formula is suflSciently 
accurate for temperatures from —22° F. to 446° F. From 
(80) we find 



r = 



J A -logy 1? B 

^ " O +4 6** 2 



(81) 



d 



l=p{^ + ^-^)x 2.3026, (82) 

r|^=i> (I- +yi)x 2.3026. (83) 

The following are the values of the constants for the 
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vapor of water {satwrated steam) for degrees Fahrenheit and 
pressures m pounds per square foot : 

A = 8.28203, logB =^ 3.441474, log C = 5.583973. 

These values diflfer slightly from those given by Rankine, 
because he used r^ = 493.2° F., while here r^ = 492.66"^ F. 
Begnault's experiments also furnish the data for determin- 
ing the constants for Alcohol, Ether, Bisulphide of Carbon 
and Mercury. 

7 7 . Volume of vapor. From equations (74) and (83) 
we have 



«.-■».= 



^dp ^ (8*) 

d r 



j> (£ + !^) X 2.3026 

which for saturated steam l)ecomes, equation (78), 

1117830 - 544.6 r 



V, = 



(1+^) 



X 2.3026 



(86) 



from which v„ the volume of a pound of the steam, may be 
detennined. It will be found hereafter that the volume of 
a pound of saturated steam at 212°, the pressure of one at- 
mosphere being 29.9218 inches of mercury, is 26.50 cubic 
feet, nearly, and the volume of one pound of water at its 
maximum density, 39.1° F., is 0.01602 cubic feet ; hence, a 
pound of siiturated steam under the pressure of one atmos- 
phere occupies 1654 times the volume of one pound of 
water at its maximum density. This increase is illustrated 
by Fig. 33, in which the small square at the upper left-hand 
comer represents the volume of one pound of water, 
Vj = 0.01602, and the entire large square the volmne occu- 
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pied by the steam produced from it at 212° F., v^ = 26.68, and 
the large square 
Tninus the small 
one represents the 
increase of vol- 
ume in changing 
the water to va- 
por, v^ —,%' If 
the boiling point 
increases in tem- 
perature, the ^coJr 
time of steam de- 
creases ; still with- 
in the range of 
ordinary practice 
the volume of 
water is so small 
compared with that of the steam generated from it, the former 
may be neglected, and we have with sufficient accuracy 

-^' (86) 

' 78. Weight of vapor j>er cubic foot, sometimes 

called the density of the vapor. Since a pound of the vapor 

occupies V, cubic feet, the loeigkt of a cubic foot of the 

vapor will be 

1 
w = — 

If Z be the latent heat in a cubic foot of the vapor, then 
V. d r^ 




V. =■ 



L 



(87) 



which is* the reciprocal of equation (84). 
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A series o£ values of pressures, jp, and 
volumes, % may be calculated by meauB of 
equatious (80) and (So)^ according to the 
method shown in the following exercises 5 
and 6 ; the results of which msLj form a table 
like the one at the end of this volume for 
'* Saturated Sttjam/' From these results the 
heavy line in Fig. ii^a hjis been constructed, 
in wliich the abscis^aa arc volumes per cubic 
foot, and the ordinates, pressures per square 
ineh. Such a curve is called the curve of 
saturation^ 

Assuming its equation to be 
p v^ ^ /., v,"" ; 




^ _ ^><t l\ - log p 
lo(f V — log v^ ' 



VOLUMCa IN CUBIC rCKT TO THB t«. 



FIG. 83a. 
If p, = 14.7, V, = 26.59, 
and^ =60, v = 7.100, theuTi = 1.06470; 

V = 4.403, n = 1.065837 ; 

V = 2.830, n = 1.065954 ; 

V = 2.294, n = 1.06551. 



or, p = 100, 
or,j9 = 160, 
or, ^ = 200, 



or. 



Mean n = 1.06525 ; 
^ ^i.oa*« ^ constant, (88) 

p -yit = 484, (89) 



J) being pounds per square inch and v cubic feet per pound. 

EXERCISES. 
1. Required tlie latent heat of evaporation of water at 
20° F., 60° F., 200° F., 400° F., and explain why it is less 
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at the higher temperatures. (Equation (78), or tables of 
saturated steam.) 

2. If Regnault's law can be trusted so far, find the tem- 
perature at which the latent heat of evaporation will be 
zero for steam. 

Ans. r = 2052° F. or T = 1592° F., 

or about the temperature of the melting point of brass, 
above which there would be no difference between the 
liquid and vaporous forms. This is called the critical tewr 
peraturcy and has been determined experimentally for some 
substances {PhU. Tram, (1869), CLIX., 575). 

3. If the latent heat of evaporation of one pound of water 
at the melting point of ice could be utilized in projecting 
that pound vertically upward, how many miles high would 
it ascend in a vacuum, considering gravity constant, and 
g = 32.2? 

4. Through what height must a 100-pound ball descend 
in a vacuum so that its energy if entirely utilized for the 
purpose would just evaporate one pound of water at and 
from 212° F. 

5. Find the value of -^ for saturated steam at 212° F. 

d r 

If we resort to tables of saturated steam, we find that Rankine's Table 
YI. {SUam Engine) is not suitable for this purpose, because the tempera- 
tures are for differences of 9" F. Several other tables give the pressures 
for every degree. Prom one of these we find that at 

211** P., the pressure is 14.406 lbs. per sq. in. 
212* *' " '* " 14.6»6 " " " " 
218' •* " " •' 14.991 *• ** ** *' 

Hence, from 21 r to 212** we have 

j^ = 0.290 X 144 = 41.76, approximately, 

from 212" to 218% we have 

dp 

^ = 0.295 X 144 = 42.48. approximately, 
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the mean of which gives 

which is nearer correct, but cannot be exact To find the correct Yslue 
directly, use equation (82), and we have 



d T - 672.66 1672.66 ^ (672.66)«J ^ ^^^"^ 

R virvRon 
= 2116.2X2.8026 X^ 



672.66 
= 42.06. 
which is tlie value required. 

6. Find the volume of a pound of saturated steam at 
212° F., and the weight of a cubic foot of it. 
From equation (84) we have 

5-. 



«,=■».+ 



dp 
dr 



Water increases in volume 0.04775 per unit from that at its 
maximum density to 212° F. ; hence, 

V, = 0.01602 X 1.04776 = 0.01608 = 0.017 

with sniBcient accuracy. 
Then 

966 V 778 

^' = ^-^^7 + 672.66 X 42.06 = ^^'^^^ «^- ^^' 



and 



w = - = 0.03762 lbs. per cu. ft 



(Rankine gives the following empirical formula for the vol- 
ume of liquid water at any absolute temperature. 

/ r 500\ \ 
.. = 0.0080(^-^^4-— » 

If steam followed the law of perfect gases, we could now 
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find the volume of a pound of it at any temperature. For 

we would have 

p^ 2116.2X26.6 

^= T - 672.66 - ^^-^^^ 
.•.t> = 83.37j- (89a) 

7. Find the volume of one pound of saturated eteain at 
1200^ F. 

8. Find the volume of saturated steam at 212° F. gener- 
ated from one cubic foot of water. 

If «t = 26.6, as in Exercise 6, thea will the required volume be 1669 
cubic feet. Heretofore writers have used Rankine's results, giving 1644 
or 1645. Observation has not fixed the A9a<^ value. 

9. Find the external and internal work in changing one 
pound of water into steam at and from 212° F., and their 
ratio. 

The volume of one pound of steam will be Ua = 26.585, 
•' " " •' '* waterat212*F., vi 5= 017, 

f>, - u, =r 26.668. 
The entire work will be 

r ^ (vt - t?i) = 672.66 X 42.06 X 26.568 = 751672. 
^ ' 966.1 X 778 = 751626. 

These results would be Identical if all the quantities were determined 
with precision. 

The external work consists in forcing the pressure of one atmosphere 
through 26.568 feet, or 

2116.2 X 26.568 = 66219 foot-pounds, 
which deducted from the former, gives 

751672 — 56219 = 695458 foot-pounds 
for the ifUemal work ; hence, the int&mal work wiU be 

^.^ = 12 87 
56219 

times the external for the conditions given in the problem. 

18a. Isothermal of a liquid, its vapor and its 
gas. 
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To illustrate, conceive that one pound of the liquid is 
subjected to an immense pressure at some moderate tem- 
perature, r,— say 212° F. Let A^ Fig. dy 
represent this state, the ordinate to which 
will represent the pressure, and the ab- 
scissa the volmne. Let the pressure be 
gradually removed while the tempera- 
ture is maintained constant— the volume 
will increase slightly and the path of the 
fluid may be represented by A J?, the 
abscissa of J? exceeding that of A. 
Let B be the state at which the liquid will boil at 
tlie temj)erature t; then at that pressure the volume 
will increase, the temperature remaining constant, and 
B O will represent the path. At C let the pound bo 
entirely vaporized and the pressure gradually removed, while 
the temperature, r, is maintained constant ; then will the 
path be the isothermal Ct, The entire broken line A B Cr 
is an isodiermal of the fluid. Let the operation be re- 
peated at a higher temperature — the boiling point will be 
reached at a state above and a little to the right of B^ so that 
a curve J^ J? passed through such points may bo called the 
locus of hoiling points. Continuing the operation as be- 
fore, and the state at which the pound will be evaporated 
will be represented by a point above and to the left of (7, 
and the curve traced through all such points will be the 
curve of saturation E C G^ already described. These 
curves will meet at some point E^ and the temperature of 
that state is called the critical temperature. 

79. An experimental determination of the 
density of saturated steam was first made by Fairbaim and 
Tate in 1860 {Phil. Trans. (London), CL., (1860), 185; 
CLIL, (1862), 591). The densities as thus found differed 
from those previously found by Rankine from -^-^ to -j^ of the 
experimental values, thereby giving larger values above 242^ 
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F., and below some were larger and others smaller than the 
experimental ones {MisceUcmeovs Scientific PapevB^ p. 423). 
In these experiments, the steam was in a statical condition, 
while in Begnanlt's experiments the steam was in rapid mo- 
tion from the boiler to the condenser — differences of con- 
dition which would naturally affect the results. The proper 
value of J would also affect the result ; but the results ob- 
tained by the two methods agree as nearly as one might ex- 
pect under the circumstances. Rankine's Tables are in his 
" Prime Movers," and those of Fairbaim and Tate, above 
the pressure of one atmosphere, are in Eichard's Steam In- 
dicator^ "Weisbach on the Steam En^ne^ and other works. 

The apparatus employed by Fairbaim and Tate for deter- 
mining the temperature of saturation consisted of two glass 
globes connected by a bent tube below them. The tube was 
filled with mercury, above which in the globes was the 
liquid, one containing more than the other, tlien the globes 
and tube were placed inside of a small boiler containing the 
same liquid, and the whole heated. So long as the steam is 
saturated the mercury in the tube will remain stationary, but 
the instant that the smaller volume of water is all changed 
to vapor (some water still remaining in the other), the mer- 
cury will rise in that end of the tube nearest the globe in 
which aU the water has been evaporated^ as 
after that, that steam becomes superheated, 
and the rate of increase of pressure is greater 
for saturated than for superheated vapor. At 
the instant of change the volume of the 
steam will be tlie volume of the space above ^^^ ^^ 
the mercury, and the temperature and pres- 
sure of the steam in the globes will be the same as that in 
the boiler, and hence may be readily measured. 

80. MeasQrement of heights. The principles 

. k 

• 7;UM9 MScanique da la Chaleur, 9^ id, (1875), II. 




106 IMPERFECT FLUIDS. [81, 82.] 

here diBcuesed furnish the means of determining altitudes. 
Thus, if at any point on a hill or mountain the temperature 
of boiling water be observed, the pressure of the atmosphere 
at that place and time may be computed by means of equa- 
tion (80), then will the height above the level of the sea be 

h = 60346 log ^ feet, (90) 

P 
in which ^0 ^ the pressure of the atmosphere at sea-level, 
2116.2 pounds per square foot. If ^, be the pressure at 
another station, the difference in elevation will be 

hf = 60346 log,,^ 

(See the author's Elementary Mechanics, p. 328.) 
8 1 • Sublimation consists of a change from the solid 
to the vaporous state without passing through the liquid 
state. Experimental data in regard to this change are want- 
ing, so that we are unable to make use of any analysis rep- 
resenting this change. 

82. Evaporation without ebullition. Experi- 
ment indicates that evaporation takes place at all temperatures 
for a great variety of substances, if not for all. Snow and ice 
evaporate at temperatures below freezing, and many solids 
emit suflScient vapor to be detected by the sense of smell. 
The evaporation of water in the atmosphere is the most im- 
portant part of this subject. Water is elevated in the form 
of mist in the atmosphere, forming clouds, by which means 
water is redistributed over the earth. Evaporation takes 
place at the surface of bodies of water and is unaffected by 
the conditions below, except so far as they modify the sur- 
face. It is generally greatest at higher temperatures, al- 
though other conditions modify this law. It is modified by 
the hygrometrical conditions of the atmosphere, and is greater 
during a wind than during a calm. It is greater during 
summer than winter, and generally greater during June and 
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July than for any other months of the year, but it is some- 
times, though rarely, greater during August than for any 
other month. It is greatly affected by locality, there being 
sometimes a difference of several inches within a few mOes. 
It has been observed that one half an inch in depth has been 
evaporated from a large pond in twenty-four hours in lati- 
tude about 42° north, but this is an extreme case. The 
amount is also very different* for different years, the maxi- 
mum exceeding the minimum by more than fifty per cent 
Twenty to thirty-five inches of evaporation per year is very 
common, in which cases the amount 

for June would range from about 2.8 inches to 5.4 inches, 
« July " " " " 3.0 " " 6.8 " 

" August " " " " 2.3 " " 6.3 " 

It is recorded that in July, 1875, near Boston, the evapo^ 
ration was 7.21 inches. (Much valuable information on this 
subject was collected and published for the use of the court 
in The Case in the Supreme Court of the State of New 
York — General Term — Fifth Department — for an Applica- 
tion by the City of Rochester to acquire certain rights to 
draw water from Hemlock Lake, Vol. II., about 1884. 
Also certain Trcmsdctions of the Amerioan Society of Civil 
Engineers, New York, particularly a paper by Mr. D. Fitz* 
gerald, Tranaactums, Vol. XV., 581, (1886).) 

83. Assume the pressure and volume both 
constant during the absorption of heat. These conditions 
make djp = Oy and dv^=o^in equations {A) ; hence, 
dH= K^dr:=i K^dr\ 

Strictly speaking, these conditions are realized for only a 
few exceptional cases, as water at its maximum density; 
Generally, the volume changes during the absorption of 
heat under constant pressure, but for solids and. liquids, the^ 
change of volume under constant pressure, and of pressure 
at constant volume is so small they may be considered as 
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ooQstaxLt, mid more eepeciillly so when it is considered that 
the work due to these changes for these conditions is usually 
very small compared with the energy expended in making 
the substance hot. If C be the mean specific heat of a solid 
or a liquid for a large range of temperatures, we have prac- 
tically, 

Tables of specific heats of solids and liquids give values 
for <7only. 

Specific heat of a few aoUda and liquids. 



SabBtance. 


Specific heat 
C. 


Authority. 


Wrought iron 

Cast iron 

Copper 


0.11379 

0.12988 

0.09511 

0.504 . 

0.320 

0.622 

0.20259 


Ttegnault. 

ii 


^^ifi^* .-.. 

Ice 


Person. 


Spermaceti 

Alcohol 


Irvine. 
Dalton. 


Sulphur. 


Regnault. 





84. Mechanical mixtures may produce a change of 
the state of aggregation, a^ when warm water melts ice. The 
general equations of thermodynamics are discontinuous for 
such cases ; but having determined expressions for the heat 
absorbed by fusion and evaporation, we may write an ex- 
pression for the heat absorbed in passing from the solid to 
the gaseous state. Thus, let c^ be the specific heat of the 
substance in the solid state, e, of the liquid, c, of the vapor, 
w the weight of the substance, Tq the temperature of the 
melting point, T, of the boiling point, T' the initial and T' 
the final temperatures ; then will the heat absorbed in passing 
from a temperature T' below freezing to 7"" above boiling be 

wliich for one pound of water at the pressure of oi^e atmos- 
phere, becomes 
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A = (U»4(a2 - r)+ 144+ 180 + 966 + 0.48(2^ - 212°) 
= 1204.4 - 0.504 T + 0.48 T (92) 

= 1200 + 0.5 {T - T\ nearly. 

EXERCISES. 

1. Bequired the temperature after mixing 3 pounds of 
water at 90° F., 10 pounds of alcohol at 30° F., and 20 
pounds of mercury at 60° F. 

2. Required the temperature of a mixture of 3 pounds of 
ice at 10° F. with 12 pounds of water at 60 F., after the ice 
melts, there being no loss of heat 

3. Required the resultant temperature of a mixture of 6 
pounds of ice at 20° F. and one pound of steam at 225° F. 

Here 
0.504 X 6 X 12 + 864 + 6 (< - 82) = 0.48 X 18+ 966 + (212 - 0- 

4. Desiring to determine the approximate temperature of 
the gases at the base of a chimney, a mass of iron weighing 
8 pounds was placed in tliem, and after remainino^ a con- 
siderable time was removed and submerged in 100 pounds 
of water at 50° F., when it was found that the temperature 
of the water was raised to 55° F. ; required the temperature 
of the gases. 

We have, nearly, 

ix8(<-56-)«l X 100X5; 
. • . < = 617" F., nearly. 

5. How many pounds of water at 200° F. will be neces- 
sary to reduce one pound of steam at 212° F. to water, and 
leave the final mixture of water 21 2*" F. 

6. Required the temperature of a mixture of one pound 
of ice at 32° F., one pound of water at 32° F., and one pound 
of steam at 212° F. 

Proceeding In the ordinary way, we have 

144 + 2 (< - 82) = 966 + (212 - ^ 
.-. < = 866" P., 
aa absurd result, since the mixture would have a higher temperature than 
Uiat of the hottest bUMiuuco. 



110 IMPERFECT FLUIDS. [85.] 

The proper explanation is— only a part of the steam was condensed pro- 
ducing water at 212' F. By a sufficient pressnre, however, it may all be 
reduced to water. 

7. In the preceding exercise how much steam was con- 
densed forming water at 212^ F. and how much steam re- 
tnained uncondensed ? 

8. Required the resultant temperature of a mixture of 5 
lbs. ice at 28^ F., 20 lbs. Hfi at 50^ F. and 1 lb. steam at 
212° F. 

9. A mixture of i pounds of ice at 32° — ^„ x pounds of 
water at 60° F. and % pounds of steam at t° F., produces a 
temperature of T° F.; required a?, and discuss the result 

We have 

0.504 t <i + 144 1 + i {T - 82) = /(say). 
0.48 « (<, - 212') + 966 « + «(212 - T) = 5, 
aj(r-60)= W\ 

''•''=r^66- 

Now assume that 

a^l\ 8> iand T> 60; 
5 > J, T = 60 ; /» > /, 2' < 60** (impossihle), 8 < I T < eo\ &c. 

10. How many pounds of water at 212° will be necessary 
by mixing with 5 pounds of alcohol at 40° F. to just make 
the latter boil under a pressure of one atmosphere i 

85* Total heat of evaporation is a eoiwenttonal 
term to indicate the heat absorbed in raising a liquid from 
a fixed temperature in the liquid state to the boiling point 
and evaporating it at the latter temperature. It is the sum 
of the sensible and latent heats above the ^ed temperature. 
It is also called the total h^at of the vapor ^ and in reference 
to water the total heat of steam. To find it, we use the first 
of equations {A\ or 

dH^K^dr + r [^\ d v, 

in which the first term of the second member is to be in- 
tegrated from r, to r^, while the second term of that mem- 
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ber is zero during that operation, and then the value of the 
last term is found while r, remains constant, and hence is 
H„ the latent heat of evaporation. The total value of M 
will be the sum of these values ; hence, making Ky^^C^ 
the dynamic specific heat, we have 

H^ C(r,-r,) + Zre,. (93) 

The \o^^r fixed temperature is that of melting ice, unless 
otherwise specified ; hence, in English units 

tt = To 

r. = r,+ r- 32% 
where T is the temperature on Fahrenheit's scale, and 

^= C'(r-82) + 5e, . (94) 

and for water C = 778, and substituting the value of i/„ 
(page 95), we have 

H = 778 [1091.7 + 0.305 {T -- 32)] 
= 849342 + 237 {T - 32) 
= 841758 + 237 T. (95) 

By means of this formula a table may be computed that 
will give the ^^ total heat of steam" above the melting point 
. of ice. 

86. Evaporative power. — If the temperature at 
which water is fed to a boiler be T^ F., the foot-pounds 
of heat which must be supplied in order to evaporate it 
will be 

H = 778 [1091.7 + 0.305 {T - 32) - (T, - 32)]. (96) 

In determining the efficiency of a boiler, or the amount 
of water evaporated by a pound of fuel, it is customary to 
reduce the amount of evaporation which actually takes 
place y><?w the temperature of the feed water at the temper- 
ature of the steam to an equivalent amount at and from 
212"* F. (100^ C). In the latter case 966 heat units are 
absorbed, and making this the unit of evaporative power, 
the evaporative power in any other case will be, nearly, 
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1092 4- .3 (r - 32) - (r. - 32) 
966 
- 0.3 {T - 212) + (212 - T^ 

~ + 966 ' 

a fonn due to Kankine, who properly called the expression a 
factor of evaporation. By assuming a series of values for 
T and T„ a table may be formed of the factors by means of 
which the given conditions may readily be reduced to that 
of the above imit^ and the actual evaporative power will be, 
in foot-pounds, 

778 X 966 X tabular number. 
The preceding expression reduces to 

148.4 + 0.3 r — t; 



1 + 



966 



(97) 



by means of which the following table has been computed. 



Factors of Evapobation. 





Initial tempanton of the teed wmtm, 7*, degnea F. 


BoUlng 




^-f': 
























40 


60 


80 


100 


uo 


I40 


IflO 


180 


aoo 


8U 


213 


1.18 


1.15 


1.13 


1.11 


1.09 


1.07 


1.05 


1.03 


1.01 


1.00 


230 


1.181.16 


1.14 


1.12,1.10 


1.08 


1.06 


1.04 


1.021.01 


250 


1.19jl.l7 


1.15 


1.121.10 


1.081.06 


1.04 


1.021.01 


270 


1.19,1.18 


1.15|1.12|1.10 


1.081.06 


1.04 


1.02!l.02 


290 


1.191.19 


1. 16,1. 14|1. 1211. 10 


1.07 


1.04 


1.03 


1.02 


310 


1.201.20 


1.16,1.14 


1.121.10 


1.08 


1.05 


1.04 


1.03 


330 


1.211.21 


1.17 


1.15 


1.131.11 


1.09 


1.071.05 


1.03 


350 


1.221.21 


1.19 


1.17 


1.151.12 


1.10 


1.081.06 


1.04 


370 


1.231.21 


1.191.17 


1.15|l.l2 


1.10 


1.081.06|1.04 


390 


1.241.22 


1.191.171.151.13 


l.ll 


1.091.071.05 


410 


1.241.221.20 


1.18I1.16I1.14 


1.12 


1.10 


1.08 


1.06 


430 


1.24 


1.22 


1.21 


1.19 


1.17 


1.15 


1.13 


1.11 


1.09 


1.07 
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87. Superheated steam. — When the temperature 
of a vapor for a given pressure is higher than the boiling 
point for that pressure, the vapor is said to be mperheated^ 
and is sometimes called " steam gas." Vapor may be super- 
heated by separating it from its liquid and subjecting it to 
a still higher temperature. Lot the vapor be generated at 
r, degrees and afterward heated to r, degrees, then will the 
heat absorbed above Tj degrees be, 

J2- = J7. + T'iTp dr^II, + K,(T^- r.). (98) 



If the vapor be steam and H^ be generated at T^ = 32° 
F., we have 

H = 849342 + 373 {T, - 32) 

= 778 (1091.7 + 0.48 (T, - 32)). (99) 

Saturated steam may contain more or less moisture ; but 
superheated steam is always dry. 

EXERCISES. 

1. If one poufnd of coal will evaporate 10 pounds of water 
{U and from 212°, how many pounds would it evaporate 
from 80° F. at 310° F. i 

2. If, when the feed water is at 32° F. and the boiling 
point at 410° F., one pound of coal evaporates 7 pounds of 
water, how much ought it to evaporate at and from 212° 
F.? 

3. Experiment proves that one pound of good coal, com- 
pletely burned, will develop 14500 heat units (B. T. U.), 
how many pounds of water could one pound of such coal 
evaporate at said from 212° F. if all its heat of combustion 
were utilized for that purpose, imder the pressure of one 
atmosphere ? 

Ans. 15.0 lbs. 

4. Under what physical conditions could one pound of 
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8uch coal as mentioned in Exercise 3 evaporate 20 ponnds 
of water ? 

6. If the feed water be 32° F., what must be the tempen^ 
ture and pressure that the " factor of evaporation" shall be 
2.0? 

6. Find the B. T. U. required to produce one pound of 
saturated steam at 212° from water at 32° ; and steam gas 
at the same temperature from the same water, and compare 
the results. 

(Those who have not time to pursue the more abstruse part of the sub- 
ject may omit to Art. 98, p. 148, except Art. 95, p. 126.) 

88. Free expansion of gases. When the exter- 
nal pressure is much less than the expansive force of the 
gas during expansion, the expansion is said to \^free. This 
principle has been used for determining the difference be- 
tween the absolute zero of the perfect scale and that of the 
air thermometer. When a gas rushes f reelj from a vessel 
under pressure into another of lower pressure, the only work 
done will be that of the friction through the passage and 
among its own particles, which process will generate heat ; 
but during the expansion in the second vessel the gas will be 
cooled, and if there were no transmission of heat to or from 
external bodies and the gas "were^ perfect the final tempera- 
ture should be the same as the initial. 

Joule made an experiment upon air, by immersing in a 
vessel of water two other vessels connected by a pipe, one 
of which was filled with air at 22 atmospheres and the 
other exhausted of air ; after which, by opening a stop- 
cock in the connecting pipe, the air rushed from one 
vessel to the other, but no apparent change of temperature 
was observed {PhU. Mag. (3), (1845), XXVI., 376). M. 
Hirn, in 1865, made a more delicate experiment for the 
same purpose, but without detecting any change in tempera- 
ture {Tfieorw Mecanique de la Chaleur^ 3*"% I., 298). 

Sir William Thomson in 1851 executed a much more 
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delicate experiment. A porous plug, compoeed of a bunch 
of fine silk — or, in some cases, of cotton — was inserted in a 
long tube, and the difference of pressures on either side 
was regulated by the amount of silk or cotton in the plug. 
The air was forced through a box with a perforated cap 
stuffed with cotton-wool, so as to prevent fluctuations, and 
this pump was worked some time, so as to secure steady 
action before records were made. The pressure and tem- 
perature were kept nearly constant during the experiment. 
The part of the tube beyond the plug was immersed in a 
vessel of water, observations upon which determined the 
amount of cooling (Thomson's Mathematical Papers^ pp. 
333-455; PhU. Mag. (1852), (4), IV., 481). Since heat 
will generally be abstracted, H will be negative, and the 
second of equations {A) becomes 

--dH^K^dr-^r^ dp. 
^ dr 

Adding and subtracting v dp, we have 

.•.5 = Jr,(r._r.)+/(r|^-«)rf^ + y'«rf^ (100) 

considering K^ as constant. 

But integrating v dphy parts, between the limits of ^, v^ 
and v^ /?j, gives 

^^» vdp = v,p,- v^p, +f^^'l> d ^• 

The last term would be negative if the order of the limits 
were reversed. But the work done upon the gas in forcing 
it through the plug will be nearly the external work for the 
sensibly perfect gases ; or 

and substituting these in equation (100), gives 
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/(r ~ -v'jdp^ K, (r. - r.) ^v.p,- v,jp,. (101) 

But this cannot be reduced, since r depends upon tlie 
aero of the perfect scale, which we do not know ; we, how- 
ever, know by experiment that it is not far from the zero of 
the air thermometer ; hence, if ^ be the temperature from the 
absolute zero of the air thermometer, we have from equa- 
tion (2) 



pv 

t 


= . = ^, very nearly ; 

^0 






, dv 
' d t 


R 






V 


Rt 






%Px 


= •w,i>., 






dv 
dl: 


dv 

= dT ^^^ °®"'y' 






rr-r^ 


z= t, — t„ almost exactly, 






for the range of temperatures in an experiment, 
sidering the specific heat as constant, or ^ = 
will reduce equation (101) to 


and 


[ con- 
these 


r 






(102) 



which shows that the absolute zero of the perfect scale is 
lower than the zero of the air thermometer. 

89. The absolute zero, found by experiments upon 
air, oxygen and nitrogen, by the aid of equation (102), has 
a mean value of 

492.66° F. = 273.7° C. 

below the melting point of ice (Thomson's Papers^ p. 392), 
while the zero of the air thermometer is 491.13° F. below, 
so that the absolute zero is about 1.53° F. below that of the 
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air thermometer. The difference is so small compared with 
the distance from the melting point of ice as to render it 
probable that the approximation is very close, supposed to 
be within f^ of the exact value. 

Specifio Heat. 

90. General expl-ession for specific heat. 

The first of equations (A) gives 

which is a general expression for the sp. heat of any sub- 
stance (zt the volume v and temperature r, the path of the 
fiuid being arbitrary. Unless otherwise stated, the path is 
assumed to be either parallel to, or perpendicular to, the 
tHixis, giving rise to the conditions j9 constant or v constant ; 
hence, dp = <? or rf -y = (?j which in equations {A) give the 
respective equations 

as previously established in Articles 38 and 39. 

91. Specific heat at a change of state of 
agrSTl'^Srtttion* It has been shown that for fusion, evapo- 
ration and sublimation the change of state takes place aJt a 
fixed temperature corresponding to a given pressure for 
each substance ; hence, for these cases we have 

rfr = <?,rfjy > 0; 

•••^P = ^=«>, (li>4) 

similarly, 

jr, = iTp -. i? = cx) ; 

or ihe specific heais at the cham^e of state are infinite. 
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92« Modified expression for the specific heat« 

The specific beat of substances wbicb are capable of a large 
expansion — conceived to be indefinitely large — admit, ac- 
cording to the theoretical views of Rankine, of being ex- 
pressed in two parts — 2l constant and 
a variable part. To show this, let hj 
Fig. 34, be the initial state of one 
pound of the substance, } ^ an isother- 
mal for the substance, cdsL consecutive 
isothermal, j^ the specific heat at the 
volume Vj K^^ the specific heat at the 
volume v". From the state h let the 
temperature be increased d r, thus in- 
creasing the pressure an amount h c ; from the state o ex- 
pand it, doing the external work v c d^o'^^Xd abstract heat, 
so as to reduce the temperature d r, reducing the pressure 
to "o" e^ thence compress it isothermally to 6, doing work 
v" ebv upon the substance, then will the resultant external 
work be 




hcde 







dpd'o\ 



and, according to the second law, omitting the parentheses 
indicating partial differentials, 

area m.^oem^=.x \ '^ dv 

m,cdm, = {r + dr) H' ^^ + ^P^ dv 
Jv ^ 



Also, 



m^edm^ = ^. dt; 
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And, 

m^bcm,'\'m,cdm^ — m^bem^ — m^edm^ =^bcde; 

hence, Bubstitiiting and reducing, 

Eemoving if indefinitely to the right, we have v'' = oo , 
and then K^- becomes K^ , wliicli, according to a .theory of 
Kaakine, is constant for a constant state of aggregation, 
according to which the preceding equation becomes 

E-,= C+r r(§^^dv, (105) 

in which the last term is the rate at which the internal work 
is done at the volume v and temperature r, due to a change 
of temperature. It may be found more directly from equa- 
tion (67) by difEerentiating it, considering r as the independ- 
ent variable, giving 

and dividing by rf r gives the heat doing internal work per 
unit of temperature, which is the same as that above when 
the corresponding limits are assigned. Equation (105) being 
the specific heat at the volume v and temperature r, we 
Iiave, for the heat absorbed at conatarU volume^ 



(106) 



H= fK^dr = C{r, - r.) + JJ' T r^^drdv, 

the last term of which may be integrated when the equa- 
tion of the gas is given. 

Similarly, if p and r be the independent variables, we 
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would find 

K,= 0-{-B- ^r{^\ dp, (107) 

and for an increase of temperature r, — r„ the heat abeorbed 
at constant pressure would be 

J7= rirp.ir=(<7+i?)(r.-r.)- f^T^^^-'^P' (A^^) 

93. The apparent specific heat is the total heat 
absorbed by unity of weight in producing an increase of 
temperature one degree, and includes that necessary to 
make the substance hot as well as that doing the internal 
work, and also the external in the case of constant pressure. 
It is represented, for expansible gases, by the second mem- 
bers of equations (105) and (107). 

The real specific heat is that part of tlie apparent specific 
heat which directly makes the substance hotter. It is rep- 
resented by C in equation (105), and C-^-Rin (107), and is 
called actual energy. 

The apparent specific heat is the sum of the actual and 
potential energies in the particular specific heat. Equations 
(105) and (107) are the dynamic specific heats, and to find 
them in ordinary units they must be divided by J. 

The theory of Rankine, referred to above, is " Tlie real 
specific heat of each substance is constant at all densities so 
long as the substance retains its condition, solid, liquid, or 
gaseous" {Prime Movers^ p. 307). The correctness of this 
theory has been questioned by Clausius, and in one place 
Rankine says "it is j^r^^^y constant" {ibid.y p. 250). The 
theory is useful in showing the different effects probably 
produced by the absorbed heat ; but it is of no service ex- 
cept in expansible gases, and cannot be used in those cases 
except where the equation of the fluid is known — and it is 
known for only a few substances. 
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EXERCISES. 








1. Find the specific heat at volume ^ and 


temperatnre i 


for 


the gases 


represented by the equation jp v ■ 


= Bt- 


a 
tv 




We have 











From this result it appears that the specific heat at constant volume 
decreases as the temperature incresses, foe all gases represented by the 
above equation, and approaches (7 as a limit 

2. Find the heat necessary to raise the temperature of one 
pound of the gas of the preceding exercise from r^ to r, at 
the constant volume <y, 

Squadon (lOQ becomes 



K--T^.)('--^«> 



2 a 
Fiomthi8iti^peanthatC7-J is the mean spedflc heat between r, 

aadn. 

8. Find the heat absorbed by one pound of CO^ in rals- 
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ing its temperature from 500*^ F. to 600** F. at the volume 
8.5 cubic feet. 

From equation (8), page 18, we hare 

22 = 85, a = 481800, 

and the preceding equation gives (C being 182), 

968200\ 



'-{ 



= 18288 foot-pounds. 



It will here be observed that the term due to internal work is very small 
compared with the actual energy, and may properly be omitted, especially 
when we consider in addition thereto that it is less than the errors of ob- 
servation determining the number 182. 

4. Find the apparent specific heat of the gases represented 
by the equation pv = Rr. (Use equations (105) and 
(107).) 

94. General expression for the difference of 
specific heats. 

In equation (103) the left member is the specific heat at 
constant pressure, if ^ be constant ; hence, 

To make this more apparent, use both of equations {A)^ 
which are 

dS=K,dr-r(^)dj,; 

subtracting, gives 

In Figure 35 let A r and B Che two consecutive isother- 
mals and A b the path of the fluid, A B perpendicular to the 
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axis of Yolnmes, A ^parallel thereto, then, as shown by equa- 
tion (20), wm 



r (-^] dp = m,h Cm^ ; 




in which dvin the f onner expression 

is the abscissa of h from A ^ Aa^ 

and dp = a 6 in the latter is the or- ^^ ^ 

dinate of b from AC. It d v in the 

former be made the abscissa of C in reference to A^ that is, 

dv = A Cy then would r (-j^j ^ -y be the area 7/i, B C m^y 

which is the sum of the two preceding expressions, and 
hence the value of the expression in the [ ] of the former 
equation. To indicate that d v extends thus far, it is nec- 
essary to express t; as a function of r, since it will be limited 
by two isothermals, and will be written thus : 

then 

which, substituted, gives 

^.-^. = '(^)(It). w 

as before. 

In solids and liquids it is difficult to find the variation of 

pressure with temperature at constant volume, (-j^) , and 
that factor may be eliminated as follows : — 
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But for V constant dv =^ oi 



• . ^^ = - 



m) 



dt /^^V 
which in (109) gives 



dp) 



\dp) 



an expression equally true for gases. 



EXERCISES. 

1. Find the difference between the specific heats of a per- 
fect gas, the equation being pv = IiT. (Equation (109) 
or (110).) 

2. Find the difference between the specific heats of a gaB 

whose equation isi?^ = H r . 

TV . 

3. Find the difference between the specific heats of car- 
bonic acid gas at the melting point of ice at the pressure of 
one atmosphere. 

4. Find the difference between the specific heat of water 
at constant pressure and at constant volume when at its 
maximum density. 

It is at its maximum density under the pressure of one atmosphere at 
the temperature of 89.1° F.» and at this state 

6. Find the difference between the specific heats of water 
at 39"^ F. and 77° F. under the pressure of one atmosphere^ 
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the coefficient of expansion at 77° F. being 0.00014 of its 
volume per degree, and the coefficient of compression being 
0.000046 of its volume for one atmosphere. 

The Tolume of one pound of water at maximum density being 0.016 
cubic feet, we have 

: (0.016 X 0.00014)' = ^ 



mr 



10'» 



Assuming that the rate of expansion for 88* (= 77 — 89) is uniform, 
the Tolume at 77° F. will be 

0.016 -h i X 0.016 X 0.00014 X 88 = 0.01605, nearly ; 
lienoe, for a pressure of one pound per square foot we have 
fd V \ 0.01605 X 0.000046 850 





\dp]^ 


2116.2 " 10»» ' 




''^,-^. 


= 687.6X^^ = 7.68; 




••^p-^ 


= 0.0099. 


A similar 


computation at 122' gives 




^-^'■ 


= 0.0860. 


Adopting Regnault's values 
we find 

at 89° i ^' 


for the specific heat at constant pressure, 

, = 1.0000 
,= 1.0000 




at 77^* i ^> 


, = 1.0016 
, = 0.9917 




at 122' J ^> 


^=1.0042 
^ = 0.9682 



It will be observed that while the value of c^ increases with the temper- 
iture e^ decreases, and hence the difference increases more and more as 
the temperature increases. The exact numerical results here found are 
not to be relied upon, but they are approximately con-ect, and indicative 
pf a general law. 

6. Show, both analytically and geometrically, that the 
specific heat for constant pressure exceeds that at constant 
volume. 

7. Show that the term r f ^-^ d v disappears for gases 
whose equations (if any) are p -y = J? r -|- 9 (i;). 
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95. Water is the only finbstance whose specific heat has 
been accurately found for a large range of temperatures. 
According to Kegnaulf s experiments, there is a small increase 
in the specific heat with every increase of temperature above 
32° F., but according to the very accurate experiments of 
Professor Rowland, the specific heat of water decreases from 
4** C. to 27° C, and may be approxiimitely represented by 
the empirical formula 

c = 1 - 0.00052 (^ - 4) + 0.000003 {t - 4)', (111) 

in which t should not exceed 30° C. 

Bankine's formula for representing Eegnault^s experi- 
ments is * 

c = 1 + 0.000000309 {T - 39.1)* (Fah.), (112) 
= 1 + 0.000001 {t - 4)'* (Cent.). 

M. Bosscha represents Regnault's experiments by the 
formula 

c = 1 + 0.00022 t (Cent.). (113) 

When the law of the specific heat is known, the number 
of thermal units absorbed in raising a pound of the sub- 
stance from jTj to jT, degrees will be 

cdT, 



Jt. 



and the mean specific heat will be 

h 

96. Another form of the g^eneral equation. 

Substituting the value of K^^ equation (105) in the first of 
equations {A) gives 

rfJ7=(7rfr + Ty^(irrfi; + r^rft?. (114) 

•/oo 

♦ Tram. R. S. K, XX. (1851), 441. 
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This is analyzed by Bankine as follows {Prime Mowr$, p. 813) :~ 

" I. The Tariation of the actual heat of unity of weight of the fluid 

'* 11. The heat which disappears in producing work by mutual molec- 
ular actions depending on change of temperature and not on' change of 
volume. 

*' in. The latent heat of expansion, ^^^^» ^ha^ ^f I^eat which dis- 

appears in performing work, partly by the forciUe enlargement of the 
vessel containing the fluid and partly by mutual molecular actions de- 
pending on expansion." 

The integral of the last equation would, if performed, 
give the heat absorbed, in foot-pounds, in producing the 
changes of temperature and volume ; but the integral can- 
not be performed without the equation of the path of the 
fluid and the equation of the fluid. 

SttU (mother farm. Subtracting pdv^ the external 
work done, from both members of the preceding equation 
gives 

in which each member is the excess 
of the heat absorbed above the exter- 
nal work done. The several terms 
may be represented by Fig. 36, in 
wUch A JS is the path of the fluid, 
A C fin isothermal through Ay and 
A a c C represents the internal work 
done during the isothermal expansion 
A a Then 

S ^ m, A. S m„ 

fj?dv = v,ABv^ = v,ACv, + AB a 




f^ 



I I r —£ dr dv ^ areas represented hy the dotted lines 
between C m, and B m„ 
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C (r, — r,) z=:m^C Bm^^ areas represented hy the doi- 
ted Unes^ 

C (r. - r.) + JJr ^ d r dv =^ m, C JS m„ 

J(^r ^^^p^dv^ AacC, 

v^ a € v^ = m^ A C fn^\ 

.^ . H — j p dv = m^ A B m^^ v^ A B v^ 

= A a c C + m^ C B m^. 
It is apparent that the second term of the second member 
of equation (115) is the <p (r) of equa- 
tion (67). 

The irUemal work may be repre- 
sented in another form. In Fig. 37 
\ let -4 Tj and B r, represent isother- 
mals extended indefinitely, and con- 
ceive that r^ A B r^ forms a closed 
cycle, then will the resultant internal 
work in passing around the cycle be 
zero. Let JS^ be the internal work done in passing from A 
to B^S^ in. passing from B to infinity, ^S^ in passing 
from infinity back to A ; then 

.^ + b>»,-.'5. = 0. (116) 

Let tx be the isothermal through A^ r% through B^ Figs. 
86 and 37, then, equation (116), 

•*=/-('.(sf)-'')''»+X'r-'(l?) ■"-■<"" 




Fio. 87. 



imd from Fig. 37, 

••00 



(118) 
(119) 
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these combined with equation (116) reduces (115) to 

H^ fpdv = {Cr-8\-{ar^ S\, (120) 

in which {C r — S\\% called tlie intrinsic energy of the 
gas in the state B^ and depends upon the state of the gas 
only ; hence, the heat absorbed above that necessary to per- 
form the external woik equals the increase of the intrinsio 
energy. 

EXERCISES. 

1. If the equation of the gas hep v =i li r , verify 

the statement that the internal work is the same whether 
the path he A C and C JS, Fig. 36, or the indefinitely ex- 
tended isothermals r. and Ty,. (Equations (117), (118), (119).) 

2. If the equation be the general one given by Bankine, 

pv z=z R r 



«« — 



^ — :p^^ — &C-, ««, «i, «.i &c., being 

constant, verify the fact that the internal work is the same, 
whether A C and C Bhe the path, or whether the path be 
along two isothermals through A and B^ respectively, in- 
definitely extended. 

3. Test the same principle for the ideal gas whose equa- 
tion \%p v^ = c r^ c being a constant. 

4. "Will the principle stated in Exercise 2 be true if the 
equation of the gas were ^ = t? r ? 

5. Find the internal work done by ex- 
pansion at constant pressure from v, to v^ 
when the equation of the gas iapv =^ 

jir^—. ( (117), or (118) and (119).) 



r V 



Ans. 2 a [— —1. 





a 




i 






K 


^ 






p. 




e 


'~— 


~-f 


s 











V, 



no. 88. 



This is the value of the last term of equation (108). The 
last term of equation (108) is not easily found directly, since 
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it contains internal work due both to a change of volnme 
and temperature. Since r, increases with v^ when p is con- 
stant, it follows from the preceding Answer that the internal 
work increases with the expansion and approaches the 

limit — —^ which is a function of the initial state only, and 

decreases with the increajse of temperature. It may be in- 
ferred from tliis — ^although we have by a more complete 
analysis found — that the last term of equation (107) is not 
only essentially negative but decreases, numerically, with in- 
crease of temperature ; hence, the internal work of all ex- 
pansible substances whose equation approximates to the form 

pv = Br increases with increase of temperature un- 
der constant pressure. 

6. Find the real dynamic specific heat of carbonic acid 
gas at the pressure of one atmosphere. 

We have 

172A4 
C; = a + i2= 183+ j^ = 167 foot-poundB. 

7. Find the internal work of expanding C 0^ from v, = 
8.5 cu. ft. at r, = 500^ F. to r, = 600^ F. at a constant 
pressure. 

From equation (6) we liave 

35 600 _ 481600 _^ ^^^^ 
^ 8.5 500 X (8.5)* 

85 X 600 481600 
V^=Px =—^^ 600^' 

. • . €i = 10.22 cubic feet. 

Substituting in the Answer of Exercise 5, gives 

2 X 481600 [soo^^yyo ~ 600 X 10. 82] = '^^ foot-pounds. nearly. 

But this is the work for an increase of 100 degrees of temperature; 
hence, the average will be 0.70 foot-pounds per degree of temperature. 
This is less than j^^ of the heat producing actual energy of the substanoe 
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per degree of temperature, as will be found by comparing tliis result with 
that given in the preceding Exercise. 

From the preceding analysis it appears tliat for ordinary 
engineering purposes the specific heat of all substances may 
be considered constant for a constant state of aggregation ; 
and the most important element involving the imperfection 
of the fluid is that due to a change of state of aggregation. 
It, however, furnishes a wide field for scientific investigation. 

97« Other forms of the g^eneral equations. 

In Fig. 39 let the path Abhe intersected by equidistant iso- 

thermals, of which r through A and 

r -]- d r through i are consecutive. 

Through A draw the horizontal A a 

and through b the vertical b a ; then 

will the heat absorbed in passing from 

A to a si constant pressure be 

m^ A a m^ = J^^ d r^ 

excepting that d t is not independent, 
but is dependent upon d v, the abscissa 
of b in i-eference to Ay and hence we have 

m.Aam^=: Kj,( ^) dv. 
\dv/ 

Similarly the heat absorbed from d^ to i at constant vol- 
ume will be 




Mti)^^-' 



^dp 

hence, ultimately, the heat absorbed in working from A\ob 
will be the sum of these, or 

a form given by Zenner {Theorie Mecaniqvs de la Chalefwry 
p. 847). ^^ 

Substituting ( t— ) found from equation (109) and \-^] 



132 IHPEBFEGT FLUIDS. ' [VJ,] 

from the Bame, reduces thiB to 

■'^= 2r^[^'(5^) ^«+'=-- (Pr) *^].("» 

which may be fomid directly from equatioDs (A) by elimi- 
nating d T between them. This form is given by Clausius 
(on Seat, p. 179). 
Agairij from equation {A\ we have, for r constant, 

' •Tt\'di,)r- ^ \dT^) + [rt) ' 

and from equation (105) 

' 'dv\dr)j -^ydr')' 

dr\dv)r dv\dr)y'~'\dr)'^r\dv/ 
in which r and v are the independent variables. Similarly, 
from equation {A\ and (107), we find 

fdH\ (dv\ 

Vdp)r-'''\d~r> 

d (djl\ __ _ (^^_1\ 
dp\ dr'Jv-' ^Kdr^r 

d_ (dIT\ _ d__ (d JI\ _ _ ///jP\ . 
dr\ dp /r"~ dp \ 6? r /p "" "~ Vrf r/ ' 

in which r and p are the independent variables. These 
forms are given by Clausius, though obtained in a very differ- 
ent manner {Mechanical Theory of Ileal, Clausius (Browne's 
translation), pp. 118, 119). 

Again, from equation (109), we have 
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T (dp\ fd v\ 

" x: \n \d~i) 



a form used by Professor Rowland in his paper on the Me- 
chanical Equivalent of Heal^ page 146. 

Again^ in Fig. 40 let r, be the temperature of the iso- 
thermal A B^ r, that of j i, d H^ the 
heat absorbed at r, between the con- 
secntiye adiabatics A ^, and h n ; then, 
according to Article 40, equation (20), 
we have 

from which, the second members being the same, we have 
dn, _ djl, _ 

Similarly, if r, be the temperature of the isothermal d c, 
r. of y z. we would have 

an, dH,_ 




dH, 



an, an, 

T. "■" T.' 



an. 



= 0, 



or, considering heat emitted as essentially negative, all the 
terms may be written with the phi% sign, and, generally, 
vihen a siu)cession of operations are performed in Camofs 
cycle, we have 

dH 
D— -=0, 



or, ultimately, 



/¥ 



= 0. 



134 IMPERFECT FLUIDS. [97.] 

Bat any cycle may be divided into an indefinite number 
of strips by adiabatics drawn across it, and by drawing iso- 
thermals from their intersections with 
the path to adjacent adiabatics, an in- 
scribed polygon may be constructed 
whose area may be made to differ from 
that of the given cycle by less than 
any assignable quantity; hence, ulti- 
mately, if the integral extend through- 




FIG. 41. Qjj^i ^Q entire cycle, 



/¥ 



= 0. (122) 



0. 



If the integral be separated into two parts, one along 
A a B, during which heat is absorbed, the other along the 
Bh A, during which heat is emitted, we have 

J A ^ '^Jb ' 

Equation (122) is Thomson's generalization of the second 
law. It was first published by Clausius in 1854 {Pogg. 
jlnfk. Vol. XCIIL, p. 500 ; Clausius on Heaty p. 90). 

(The differential of a function of two or more independent 
variables is said to be an exact differential. Let 

be such an expression, in which M and N may be f imctions 
of m and y ; then it is shown by the calculus that the differ- 
ential of M in regard ta y equals the differential of ilT in 
regardto«,or, d M d IT 

dy "~ dx 
This principle has been successfully applied to many prob- 
lems on heat, and of the early investigators, Thomson led 
in this mode of analysis.) 

Since it has been shown that the intend of —— is zera 
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for a complete cycle, it is an exact differential, and may be 
represented by a single symbol, as ^, and we have 

dH , 
bence, from (J.), we have 

*^=^=jr.^ + (if)i,. (m) 

Applying the preceding principle, we have 



d 
or 



d_ /^\ _ d_ fdp\ 
v\ r ) "^ dr \dr/ 



''^. ='(??.)<'•. 



which is the differential of equation (105). In differen- 
tiating the left member, r is not a function of v, since v is 
constant during the change of temperature. 

Finalby^ let i5'= the internal energy of the substance 
both actual and })otential, 

L = the latent heat of expansion as a thermal capacity, 
and other notation as previously given, then 

dn^dE-\'pd^^K^dr'\'Ldv\ (124) 

.•.d^= jr^rfr + (Z-jp)<?i?. (125) 

But when any substance is worked in a complete cycle 

the resultant internal work is zero ; hence, (;? J? is an exact 

differential, and we have, omitting the parentheses of the 

partial differentials, 

dJ^^ d — 

' • dv - dr~dr *> ' 

Similarly, for r and^ independent variables 
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Since is an exact differential, therefore will its value 

?ldf\-^d'o (128) 

also be an exact differential ; hence, 

^.El^^.k. ' (129) 

dv r dr t^ ^ ^ 

^ dK^ dL L 
dv "^ dr " 'r 
observing that r in the left member is not a function of v ; 
hence, dt = in that member, and by (126) 
dp_dZ dK^_L 

X 

97 a. The Themiodynaiiiic Function, or En- 
tropy. The function q) Kankine calls the themwdynamic 
function. The differential of qt^ or d ^, is the heat ab- 
sorbed for each degree of absolute temjperat/ure between zero 



— J 



Tr^d-r-^-- (13«) 




V 
Fio. 42. 

and r, while the substa/nce is worked alon^ any path from 
a point on one adiabatic to a point on the adjacent adiabatic. 

First let the path be an isothermal, bb A Bj Fig. 42, 
whose temperature is r. 

Intersect the path by an indefinite number of ordinates 
having between them the constant distance dvy and from 
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the points of intersection a, &, a\ h\ &c., draw adiabatics ; 
and across these draw tlie isothermals K D^J t\ G H^ &c., 
the saccessive ones diifering by one degree, in which case 
the temperature oi C D will be r — - 1, oi E F^ r — % &c. 
Then will d ^, for an expansion from state a to state i, be 
d q}-= cdfe\ 

for we have previously shown (Article 40) that the heat ab- 
sorbed in working from a to i isotherraally will be 

dll =:yahz = r i—?-\dv\ 
dH 



'-f-mw< 



but it was shown in the same article that isothermals equi- 
distant in temperature divide the heat into equal parts ; 
hence, cdfe in the figure will represent one of those equal 
parts ; 

,.,^=cdfe^dq> = [^)dv. (131) 

Also, 

d(p = ahde=^c df*e = efh g^ &c. 

And for an expansion from state A to state a, we have 

d(p ^ Aac C— Cce E= Eeg G, Ac, 

and similarly for other expansions. But C c e ^does not 

equal c d f e^ &c. For the sensibly perfect gases equation 

(131) becomes 

d<P = —d% 

according to which d <p diminishes as "o increases, It and 
d V being constant ; hence 

Cce E> cdfe > d & e' f, &q., 
and for v indefinitely large the area representing d (p van- 
ishes ; and for v zero, d q) will be indefinitely large. The 
indefinite integral of the preceding equation is 
(p =z E log V -^ Cj 
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and for v = 1, we have 

9-0- 9^, (say); 
r . 9 — q>^^ Rlog V. 

But the value of ^„ or (7, is unknown, and it is imprac- 
ticable to find the value of ^ ; a condition, however, which 
is of little consequence, since it is only the difference of the 
thermodynamic functions that is of any importance. Al- 
though this illustration is for perfect gases, yet the principle 
is the same for all substances. This principle may be par- 
tially illustrated by our notation for indicating heat ab- 
sorbed during isothermal expansion. Thus, in Fig. 42, let 
Hk be the heat absorbed in expanding from some unknown 
state L on the isothermal A B \x^ state A^ and H^ the heat 
absorbed in expanding isothermally from the same unknown 
state to B ; then 

H^ Bk = A^B, 

will be the heat absorbed in expanding isothermally from 
A\/Q B. A similar notation will apply to expansion accord- 
ing to any law, the points Z, A and B being on the same 
path. Similarly, whatever be the unknown initial value of 
^, we may write 

^B — ^A = A^B. 

The sum of all the areas C e, c f^ &c., between {7^ and 
D jp' represents the heat absorbed for one degree of abso- 
lute temperature for an expansion from state A to state B. 
From equation (131), if r, be the constant temperature of 
A By we have by integration 

?lizlk = ^ «. ^^ = GDFE= A BD (7, &c. 

But it is customary to compute the heat absorbed from the 
initial state, J., in which case Ht, ;= 0, and we have 

-— _ 9>B — 9^A = a9^. 
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The value of the thermodynamic function for S will be 

and for J[, q}^,^ LA CM\ 

.'.fp^'-'q>i,=^ABDC=z I — ^ d V. 

Thus far we have considered v as the independent vari- 
able, and deduced and interpreted d <p under that hypothesis. 
Now we will make <p the independent variable, in which 
case d q> will be constant. This condition will be accom- 
plished by drawing the successive adiabatics A ^„ a e^h fy 
&c., in such a manner that the areas Aac C^ahdc^ &c., 
shall be equal, in which case we not only have 

AacG^ CceE^EegO, ifec, 
but also 

AacC =: ahde:= ha' c' d=^ cdfe, &c., 

so that if the entire space, q^^A B ^„ be divided by iso- 
thermals of which the successive ones shall differ by one 
degree of temperature, and adiabatics drawn in the manner 
just described, M the smaU areas thus formed wiU he 
equal. 

Since Fig. 42 is used to illustrate two modes of divi- 
sion, it should be observed that the two sets of adiabatics 
will not coincide, but that there will be a less number be- 
tween the initial and terminal adiabatics, A ^, and B ^„ in 
the latter mode of division, if the area A a c C\^ the same 
in both cases. When d <p is constant, the distance between 
pairs of contiguous ordinates passing through the points 
-4, a, J„ ifec, of the intersection of successive adiabatics, with 
any isothermal, A B^ wiU be governed by the law 

' ' dv' \ dT'J KdpP 
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which for sensibly perfect gases becomes, observing that, 
for this case, r = t\ 

dv' r' p p^ 
hence, the increments of the volume vary ifvoerseLy as the 
pressures for those volumes, or directly as the volume. 

The increments, then, become indefinitely large as the 
adiabatics approach indefinitely near the axis O v and dimin- 
ish indefinitely as they approach the axis p. 

Lst these adiabatics be nuinbered in the order of the 
natural numbers, beginning with any arbitrary number, as 
7 for A(p^, then Avill a^ be 8; ie?, 9, &c., and if the 
terminal one, B ^„ be 12, the number of spaces between 
A <p^ and B 9, will be 

12 - 7 = 6, 
and the area 

ABDG^ 5 X AacC\ 
similarly, 

CDFE^ 5 X AacC\ 

&c. &c. 

Generally, if q>K be the numher of the initial adiabatic 
A 9j, counting from any arbitrary zero, q>^ of B 9,, then 

ABDC= {(pB-<PA).Aac 0= CDFE\ 

and if r, be the numher indicating the temperature of the 
isothermal A B, and r, of any lower isothermal, 9A E F, 
tlien will the area 

ABFE= (r, - r.) {q,^ _ (p^^.AacC. 
Let Aac ChQ the unit of measurement, which may be 
arbitrarily chosen, and we finally have 

ABFE=(T^- r,) (^B - <Pa) = ,r, x a<?>b, (132) 

in which, if the foot-pound be the unit of heat, the ther- 
m/)dynamfhic fiinction, ^q}^, will represent the numbeb of 
foot-pounds of heat absorbed by the substance per degree 
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of temperature while expanding isothermallj from any 
adiabatie, A ^j, to another, B <p^. 

If r, = Oy we have 

(p^A B (p^=^ r^ (^B — ^a). (132a) 

The ndtural zero-adiabatic is the ordinate p^ but be- 
tween that and the initial adiabatie of any problem, as A ^„ 
there will be an infinite number of adiabatics including 
areas equal to A a c C between the isothermals B A and 
D O; hence from this zero the number between A and B 
would be expressed by the diflference between two infinites, 
thus, 

00 — 00, 

which is indeterminate. An arbitrary zero-adiabatic may 
be assigned, but it is unnecessary so to do, since it is only 
the diference of the thermodynamic functions that is 
sought. 

The form of the expression in the second member of 
equation (132) is similar to that expressing the area of 
a rectangle. Thus, suppose that in measuring a rectangular 
field, ABD 0, SL point is arbitrarily assumed in the side 
A B prolonged, from which the comer ^ is a feet, and B, I 
feet ; then will the length of that side heh — a feet long in- 
dependently of the position of the point. Similarly, if the 
comer Dhe x yards from a point in the line of B D, and 
J., y yards from the same point, the area of the rectangle 
will be 

ABDC={h''a){x-y) ft-yds., 

the unit area being one foot, wide and one yard long. If 
differences of temperature only were used the position of 
the absolute zero would be of little consequence. 

Equation (132a) furnishes the following definition : The 
difference hetween the numerical valices of the thermodyTumh- 
ic functions corresponding to two adiaha^ics is equal to 
the quotient of the numher of foot-pounds of heat absorbed 
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or r^ected in passing along any isothermal from one of 
these adiaic^ics to the other, divided hy the absolute temper- 
at/are corresponding to that isothermal. 

If the path of the fluid is not an isothermal, the same 
principle is applicable, but r will vary, and r d q^ cannot be 
integrated, but the difference of the thermodynamic func- 
tions may be determined in some cases. For instance, in 
Fig. 12, we have 

d H = X d <p ^ Ky,dr\ 

in which, if K^ be constant, we have 

while the heat absorbed will be 

When the path is arbitrary, the differential expression for 
the thermodynamic function is 

Clausius calls the expression 

dH 
r 
" the entropy of the body,"* from the Greek word rpojrif, 
Transformation, since it is a measure of the rate of the 
transformation of heat from the source to the body per unit 
of absolute temperature of the source, in passing from one 
adiabatic to the consecutive one. It is identical with Kan- 
kine's ther7nodyna>mic function. 

It will be observed that the spaces A B D C, C D F E, 
4fec., are divided into the same number of strips by the 
adiabatics through A, a, J, &c.; hence, (p^ — <Pk has the 
same value for the space between any pair of isothermals, 

• Mechanical Theory of Heat, p. 102. 
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whether equidistant or not. If the state a approaches J., 
ultimately coinciding with it, the spaces A a c C^ C c e E^ 
&c., vanish ; in other words, if the expansion be adiabatic, 
no heat will be absorbed or Emitted, and for this case 

^^ = 0; 
. • . ^ = consta/iit ; 

that is, the entropy — or the thermodynamic /wictum — qf 
an adiabatio is constanty and this is the characteristic 
equation of an adiabatio. For this reason we have fre- 
quently used the symbol 9 to mark the adiabatic. 

This property may be' put in contrast with a property of 
an isothermal in the following manner : 

That property of a substance which remains constant 
throughout such changes as are represented by an isothermal 
line is the temperature. The constant property is that of 
constant heat 

That property of a substance which remains constant 
throughput tlie changes represented by an adiabatic line is 
the Thermody7iamic /tmctionj or Entropy. This constant 
property is the constant rate at which heat must be ab- 
sorbed by a substance per unit of absolute temperature when 
the path of the fluid is from any point on an adiabatic to a 
point on the adjacent one. 
98. Liquid and its Tapoi: combined. Let 
W = the pounds of the substance, initially in a liquid 
state, in a closed vessel, from which we assume that 
heat does not escape, 
w = the pounds of the substance vaporized by the ab- 
sorption of heat, 
G— K^ and 
i H ■= the heat absorbed by the substance in increasing the 
temperature from r U> r -^ dr and vaporizing a 
part of it at the latter temperature ; 
then equation {A\ becomes 
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\FdS= WCdT-^wr&jdv, 
or dII=CdT-{-^dS, 

^Cdr + X'dR,, (133) 

where x is the fractional part of a pound of the substance 
vaporized. Integrating this, observing that the conditions 
of the problem require that the higher temperature r, must 
be that at which the quantity x is evaporated, we have 

ir= C{t, - r.) + » . B.. (134) 

If the substance be water, we have 

C^J— 778 foot-pounds, 
//e = 1117656 - 544.6 r. 

Equation (134) is sometimes used in calorimeter tests for 
determining the amount of water in steam. Thus, to find 
the per cent of water, we have from equation (134) 

100(l-a;) = 100 ^'+^^^^~^')~^ - (135) 
(See Addenda.) 

EXERCISES. 

1. By condensing the steam from a boiler into a reservoir 
of water it was found that 600000 foot-pounds of heat had 
been imparted to one pound of the steam above the temper- 
ature of the feed water ; the temperature of the feed water 
being 100° F. and the steam from the boiler 320° F., how 
much liquid water did the steam contain ? 

Here we have 

Ti - r, = 220% 

C(rx-rO = 171160 ft. -lbs.. 

H. = 692000 •* " nearly, at 820'' F., 

sum = 863160 " *' 
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which is the footpounds of heat that the steam should have contained, 
above 100** F. if it had all been evaporated, but the test shewed that 

. J7=eOOOOO; 
. * . difference r= 208160 ; 

./w.,. V 26316000 ^ 
.-. 100 (!-«)= -g9250Q- = 88 per cent. 

2. If the feed Water be 100° F. and the temperature of 
the steam be 338° F. and the heat absorbed above that of 
the feed water, II = 900000 foot-pounds, required the 
amount of water suspended in the steam. 

Here, 

C7(r, -r,)r= 288^X778 
= 185000 
a = 688000 ft-lbs. at 838% 

9um = 868000 *' " 
which not being so much as was measured, the steam must have been 
superheated. 

99. The specific heat of saturated Taper 

is not that at constant pressure nor that at constant folume, 
but it is the heat necessary to raise the temperature of one 
pound of the substance one degree when the steam remains 
continually at the point of saturation. Conceive the tem- 
perature of the entire mass to be increased an amount d r 
and the volume an amount d v ; then will the heat exist 
in the three following parts : — 

1°. The heat absorbed by the liquid. The liquid not 
evaporated will be TT — tr, using the notation of the pre- 
ceding article, and the heat absorbed by it will be 
{W-w)Cdr. 

2°. The heat absorbed by the vapor. Let /S be the dy- 
namic specific heat of the saturated vapor, then will the heat 
absorbed by it be 

wSdr. 

Z^. An additional amount, d Wj of the liquid will be 
evaporated both on account of the enlargement, d v^ and the 
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increase of temperature, d r, and the amount of heat absorb- 
ed will be 

dw • H^. 

Hence, equation {A)^ becomes 
W.dH^{W-^w)Cdr-^^V)8dr^dw.E.\ 
r.dHz={\^x)Cdr-^rxSdr + n.dx, (135«) 

which will be the heat absorbed by one pound of the entire 
substance under the conditions imposed. All the quantities 
in this equation have been determined except 8. 

Subtracting from both members of the preceding equa- 
tion the external work, j? rf v, observing that t; is a function 
both of r and a?, gives 

dH^pdv = [(1 - a?) C^xS -i^ll]^^ +[^. -i^£] ^^• 

The second member is the increase of energy of the sub- 
stance, both actual and potential, due to the changes d r and 
dv ; hence, it is an exact differential^ and we have 

this being merely the analytical expression of the condition 
that the integral of the preceding equation may vanish in every 
case in which the initial and final values of r and x are the 

same, respectively. DiflEerentiating, observing that r^= 0, 
since ^ is a function of r only for saturated steam, gives 

Let V, = the specific volume of the liquid, that is, the 
volume of one pound of it, 
V, = the specific volume of the vapor of the liquid, 
V = « « " " " mixture ; 

then 

V = (1 — a?) <;, + » i?„ (137) 



[99.] SPECIFIC HEAT. 147 

in which v may have any value from v, to v„ corresponding 
to values of x from » = to a? = 1 ; the former of which is 
for the liquid state, and the latter for total evaporation. 
Differentiating, 

^^ ' ^ (137a) 

(138) 
(139) 





t*(8ay), 


which substituted above gives 




s=c-^^ 


^-dir 


or in heat units 




K . 


dh. 


» = «-7 + 


rfr' 


which is the result sought. 




For water the latent heat of evaporation is 


A, = 1436.8 - 


-0.7t; 


. h. 1436.8 




r r 


•0.7 


dr - "•^' 





also 

c = l; 

which values substituted give 

-. 1436.8 /-^^ 

* = 1 J (140) 

T 

which is negative for all values of r less than 1436° P. above 
absolute zero, or 976° F. above the zero of Fahrenheit's 
scale. The above solution is an abstract of the analysis of 
Sir William Thomson.* The negative value is thus ex- 
plained : — ^If saturated steam be expanded in a non-conduct- 
ing cylinder, a portion of it will condense, giving up its 

*'M(Uh. and Phy». Papm. Vol. L,pp. 145-907 ; PhU. Mag. (1852), IV.; 
Tram, R 8. Bd„ 1861. 
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heat to tlie remainder of the steam, thus maintaining the 
temperature corresponding to the pressure of saturation ; and 
if it be compressed in such a cylinder, heat must be abstracted 
if the pressure and temperature continually correspond to 
those of saturation. If heat be not abstracted in the latter 
case the steam will be superheated, and the temperature will 
exceed that corresponding to the pressure of saturated steam. 

In regard to this Rankine said : " This conclusion (the 
liquefaction of steam) was arrived at contemporaneously and 
independently by M. Clausius and myself. Its accuracy 
was subsequently called in question, chiefly on the ground 
of experiments which show that steam after being wire- 
drawn, that is to say, by being allowed to escape through a 
narrow orifice, is superheated, or at a higher temperature 
than that of liquefaction at the reduced pressure. Soon after- 
ward, however, Professor William Thomson proved that 
these experiments are not relevant against the conclusion in 
question, by showing the difference between the free ex- 
pansion of an elastic fluid, in which all the power due to 
the expansion is expended in agitating the particles of the 
fluid, and is reconverted into heat, and the expansion of the 
same fluid under a pressure equal to its ovm eldsticUy^ 
when the power developed is all communicated to external 
bodies, such, for example, as the piston of an engine" {Misc. 
So. Papers, p. 399). 

Professor Clausius said : " The conclusion that the spe- 
cific heat of saturated steam is negative was drawn by Ean- 
kine and by myself independently at about the same time 
{Theory of Heat, p. 135).* 

lOO. Adiabatics of imperfect gases. This con- 
dition requires that ZT = 0, . • . (? J? = in equations {A), 
giving 

* Both papers were read in February, 1850— Raokine's in Edinburgh, 
and Clausius' in Berlin. 
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= K,dT-{-T 



(j-D"- 



o^Ki'-'iBip^ 



r. 



t^—m)iUh^- 



1^, 



In order to integrate the first of these, J^, and^^ must 

be known functions of r and v. Ky not only depends upon 
the volume but is not a known function of r. Even grant- 
ing that its general expression is given by equation (105), its 
determination requires a knowledge of the equation of the 
fluid, and that can be known only empirically, and hence 
would apply only for the range of the experiments upon 
which the formulas were based. We have, however, found 
for carbonic acid gas, and for all other fluids investi- 
gated, that the specific heat at constant volume for a con- 
stant state of aggregation is, without a large error, constant 
within the range of ordinary expe]:ience ; and similarly for 
K^ ; hence, representing these by Cy and CJ,, respectively, 
we have 



^'^^=-(j^)(l|)^^5 



(141) 



in which y must be constant for the range through which the 
specific heats are considered constant. Assuming equation 
(4) as the general equation of fluids, and considering that 



Jo 

^0 = ^' 



a.=\ 



a, = — > occ, 
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in which Jo» ^i? K are constants to be determined by experi- 
ment, we have 

_p^ = i?r-^'-^-A-&c. (142) 

• • \-j^) = h -r~i + ZT t + &c. = — Jr(8ay), 



m- 






\drJ ^ 2pv — R t 

and (141) becomes 

C^ dr = r Mdvj "^ 
C^dr = r N dp^ 



(143) 



which are the differential equations to the adiabatics for 
imperfect gases. From (143), v can be eliminated by means 
of equation (142), resulting in an equation inyolving r and 
p only ; and r from (143), by means of the same equation ; 
but the resulting equations will be too complex to admit of 
integration, and therefore the general finite equation to adia- 
batics is unknown. 

It is customary to assume that the equation of the adia- 
batics for such superheated vapors as are used for engi- 
neering purposes, as steam, is of the same form jus that for 
the sensibly perfect gases, at least, within the limits used 
in practice ; and hence may be represented by the equation 

p V* =^ c^ (144) 

in which y must be found for the particular substance, 
and the particular state of that substance. 

To find Y f^^ steam considered as a perfect gas, we 
found in Article 78 the volume of a pound of steam at 212° 
F. under the pressure of one atmosphere to be 26.5 cubic 
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feet ; hence, if it followed the gaseous law down to 32*", the 
volume at the latter temperature would be 

^0 = 26.50 -f. 1.3665 = 19.39 cu. ft. ; 
• • . jPo ^o = 1».39 X 2116.2 = 41033 ; 

•'••^^ = 83.28. 

K^ = 0.48 X 778 = 373.44, 
K^ = 373.44 - 83.28 = 290.16, 

.-.^ = ^=1.3, nearly; (U5) 

hence, the equation of the adiabatic for steam, considered as 
a sensibly perfect gas, will be 

p v^^ = ^0 ^0*' = 99868, nearly. (146) 

This value of y is used for superheated steam at all tem- 
peratures. 

But steam as used in tlie steam-engine is generally more 
or less saturated, for which case Kankine used ^ for the 
approximate value of y^ so that for such cases the equation 
of the adiabatic will be 

pv'* =p^v^ = 81021. (147) 

Kankine was the first writer to give even an approximate 
equation to the adiabatic of saturate steam. M. G. Schmidt^ 
in his Theorie des Machines a Vapeur^ 1861, assumed that 
steam comported like a perfect gas, and so assumed y =:lAy 
a value entirely without foundation, as shown by equations 
(145) and (147), and which that author later abandoned. 

In 1863 Grashof reviewed the question, and found the 
mean value of y = 1.1354. 

Still later, Professor Zeuner, by a series of experiments 
in which the initial pressures varied from 1 to 4 atmospheres, 
final pressures from ^ to 2 atmospheres, and in which the 
specific quantity of initial vapor (or the per cent of the fluid 
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in tlie cylinder that was vapor before cutoff) was 0.70, 0.80, 
0.90 ; found results from which he concluded that : 

The value of y is dependent chiefly upon the initial 
specific volume of the vapor. 

That it is nearly constant for the same initial state of tJie 
vapor for all the pressures observed from one to four atr 
rnospheres. 

That the value of y may he represented hy the empirical 
formula 

y = 1.035 + 0.100 a?„ (148) 

in which a?, is the initial specific quantity of the vapor. This 
formula is limited to values of «, between 0.7 and 1 {The- 
orie Mecanique de la Chaleur (1869), (329-335). In tliis 
fonnula, if a?, = 0.76, that is, if 24 parts in 100 of the 
fluid is initially water, it gives y = 1.111, which is the con- 
ctant value pro}X)8ed by Rankine. If equation (148) can be 
extended to values of a?, much less than 0.7, it appears that 
the adiabatic for saturated steam approximates more and 
more nearly to the isothermal of the perfect gas in which 
;/^ = 1 ; and for values of a?, less than 0.50, the two curves 
will nearly coincide within the ranges of expansions used in 
ordinary practice. Hence the curve of adiabatic expansion 
of wet saturated steam approximates to that of the equi- 
lateral hyperbola. 

But when we consider the complex nature of the problem 
— the temperature of the surrounding walls being modified 
by the nature of the metal, its thickness, its exposure exter- 
nally ; the time of the exposure internally depending upon 
the piston speed ; rendering it practically impossible to realize 
exact adiabatic expansion — it is too much to expect any em- 
pirical formula to cover all the cases of approximate adia- 
batic expansion which might arise ; and we conclude, as did 
Zeuner, that the empirical formula of Rankine, equation 
(147), is sufficiently exact for theoretical or practical pur- 
poses when the initial steam contains but little water. 
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The egtuUion ofihe adiabaiic for saturated steam may 
be determined nuder the supposition that the steam remains 
continually saturated. Thus, substituting S from equation 
(138) in (135a) gives, for saturated steam, 

dH= C d r + x(^^' -^) d T+ ff,dx 

= Jdr + rd(^'y, (US), 

^.\iA=jISj^d['^). (148a) 

The limits of integration of this equation will be r^ and 
r for temperature, and -y, and v for 
volume, if the specific volume of the 
water from which the steam is gener- 
ated be neglected ; in which case the 
specific volume of the steam and |:| I ip 

water in the former case will be x^% J W ' ' H 
and in the latter x v. For adiabatic ex- 
pansion d H=l)y and the integral becomes 



A B 



D 




^^v^C 


r 















FIG. 48. 






.« « = 



dp 
d~T 



(U9) 



in which x^v^^=0 O, Fig. 43, will be the volume of one 
pound of the saturated steam and water at the beginning 
of expansion, and x v the volume of the steam and water 
at any point of the expansion B C. 

Eliminating -^ from the denominator of the last equation 
at 

by means of (82), and then r by means of (81), the result 
will be the equation of the adiabatic B C in, terms of the 
vaiiables xvzu^jpi but the second member will be too 
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complex to be of practical value ; and the approximate 
equation of Eankine (147) will be used instead. An im- 
portant theoretical deduction may be made from the equa- 
tion in its present form ; thus, if the steam be dry at B^ the 
point of cut off, a?, will be unity, and making xv^=u^ we 
have with the aid of (86), 






which is positive for values of r, less than 1436° P., the 
same limit that makes equation (140) negative. This shows 
that the volume of steam and water will be less than the 
specific volume, v^ of steam only at the temperature r. This 
is due to condensation, as stated in Article 99. 
Let the initial volume of steam be one cubic foot^ its 

weight will be — = w.. and let r = — = the variable ra^io 
of ea^pa/nsiony then will equations (160) and (87) reduce to 
r = ^{w,JlogLj^^), (152) 

by means of which the ratio of expansion may be com- 
puted. 

101« Condensers. A condenser consists of a vessel 
kept at a comparatively low temperature by means of cold 
water, for the purpose of condensing steam. In the jet con- 
denser a liquid spray is forced into the vessel, and for the 
surface condenser the cold liquid circulates about the vessel 
or through tubes in the vessel, producing, a cold surface. 
When the piston of the engine is very near the end of 
its stroke, a communication being made between the steam 
end of the cylinder and the condenser through the exhaust 
passage, the steam rushes into the condenser, and the greater 
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part of it IS suddenly condensed — the pressure falling to 
two pounds per square inch, more or less. Using tlie 
subscript 2 to indicate the conditions at the end of the 
stroke, and 3 for those in the condenser at the end of the 
operation, we have, by integrating (148), 

J7 = C' (r. - T.) + X, r. v, ^-^^^ ,v. |^ 

==J{T,-^T.)-\-x,v,^-x.v.^, (153) 

for water and for the Fahrenheit scale, and is the heat 
abstracted from a pound of steam in reducing its tempera- 
ture from T, to T^ degrees. 

The steam end of the cylinder will remain practically at 
constant volume during this change, and neglecting, as be- 
fore, the specific volume of the water from which the 
steam is generated, and assuming that the volume of the 
space within which the change of temperature takes place 
is constant during the change, we have 

a?, -2?, = a?, i;, = -w,, (154) 

and the preceding equation becomes 

n=J{T,- r.) +^. (^-?n). (165) 

In a continuously working engine a constant mass of 
vapor remains in the condenser at the end of each stroke, 
the amount condensed being equal to that exhausted, and 
JS^ becomes zero in (155), for which case we have 

^=y(r,-r,) + «.^- (156a) 

The pressure of the vapor in the condenser determines 
its temperature, and that will be the inferior limit of tem- 
perature at which the steain ^U be worked. 
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EXERCISE. 

Determine, approximately, the amount of water that must 
pass through the condenser of a steam-engine per ponnd of 
steam exhausted, having given T^ = 300° F. the temperature 
of the steam in the cylinder as it exhausts into the condens- 
er, a?, = 0.90 the fractional part of the steam and water in 
the cylinder that may be considered as pure saturated steam, 
the pressure in the condenser two pounds per square inch 
absolute, the water entering the condenser at 60*^ F., and 
leaving it at 100° F. 

By means of a table of the properties of saturated steam, or by eqs. 

(78), (85) and (95), wo find, using approximations to the larger numbers, 

Temperature of the condenser for 2 lbs. per sq. in., T% ■=^ 126 

From the problem, T, = 900 

r, - Ti =174; 
. . . j(r, - r,) = 174 X 778 = 135400 ft.-lbs. 

Total heat of the steam at 800** wiU be 778 X 1178 = 912600 

Heat in the water above 82% 778 X 270 = 210000 



Difference, H^ = 702600. 
The table gives, for the specific volume of the steam at dOO"", 
v, = 6.2 cu. ft. ; 

. • . — = 118000. 

Total heat of steam at 126% 778 X 1120 = 871400 

Heat in the water above 82% 778 X 94 = 78100 

Diflerence, H.% = 798800 
The tabular value for Va is 

w» = 172 cu. ft; 

. • . ^ = 4640. 

These values in equation (155) give 

JJ= 185400 + 604600 = 740000 ft-lbs. 

The water supplied to the condenser being raised through 100 — 60 = 40 
degrees, the quantity required wiU be 
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740000 
^ ^ 778 X~4b " ^ pounds* i^early. 
Equation (155a) gives 24.7 Ibe. ; that is, a condensing engine running 
with steam at 52 pounds gauge pressure will require about 25 pounds 
of water for the condenser for every pound of steam condensed if the 
temperature of the water be raised 40 degrees. If a greater difference 
of temperature of the water at arriving and leaving be allowed, it would 
require less water, or if the gauge pressure be higher, it will require more 
water for the same difference of temperature. 

The numerical computation of (156) will be facilitated by 
a table of the latent heiat of evaporation per cubic foot, since 
H^ -T- i^, = Z. 

102. Isodiabatic Lines. Let CiT and B M, Fig. 44, 
be any two isothermals cut by an arbitrary path A D, In pass- 
ing from AtoDdi certain amount of heat will be absorbed, 
represented by the area between D A and two adiabatics 
drawn from A and D respectively, as shown in Article 34. 
It is possible to find another path, C By in working along 
which the same amount of heat will be emitted as was ab- 
sorbed along A D, To prove this, conceive an indefinite 
number of isothermals between C N and B JtT, and at the 
points of division with A D draw adiabatics ; then find 
a point near C^ which call s, on the isothermal next below 
C2>, such that when joined with C the area included be- 
tween z C and two adiabatics through z 
and Cy respectively, will equal that be- 
tween the corresponding pair at D, 
Proceed in this manner with the next 
isothermal, and so on to 5; then will 
the area between B C and the adiabatics 
through B and C respectively equal the ^^ ^ 

area between A D and the adiabatics 
through A and i> respectively, which was to be proved. The 
lines D A and B Care called isodiaboMcs in reference to 
each other (Rankine's Misc. Sc^ PaperSy p. 345 ; Stea/mr 
Engine^ p. 345). 
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To find the analytical condition, conceive C jV and B M 
to be consecutive isothermak, then the heat absorbed in 
passing from AXo D will be, from equation {A\ 

and that emitted along C B^ 

d H = C,dr -\-^ r {^y^^ dv,\ 

which, according to the conditions of the problem, are to 
be equal, giving 

which relation is independent of the specific heat of the sub- 
stance. For sensibly perfect gases we have 

R 



\d rl X V 
\d rj r^ v^ 



and by substituting above and integrating, we have 

V = B v^y 

or 

^=^A.a constant; (1^7) 

that is, the ratio of the pressures^ or of the volumes^ at the 
respective points where the successive isoihermals cui the 
curves A D amd B C miAst he constat. 



CHAPTER IV. 

HKAT ENQINEd — GENERAL PRINCIPLES. 

103. Efficiency. — Heat engines, in practice, work in 
cycles, and when running under uniform conditions, the suc- 
cessive cycles will be identical, in which case the total effect 
will be that produced in one cycle multiplied by the numr 
her of cycles. It is, therefore, important to investigate the 
properties of one cycle. 

The efficiency of a plant is the ratio of the work which 
the plant can produce to that of the energy supplied. Thus, 
if the plant consist of a furnace and engine, it is the ratio 
of the work it can do to the theoretical energy of the fuel 
supplied to the furnace. 

The efficiency of an engine is the ratio of the work it 
can do to the energy of the heat absorbed. 

In case of an hydraulic machine, it is the ratio of the work 
it can do to the theoretical energy of the waterfall. 

The measure of the efficiency does not involve the mag- 
nitude of the machine, and, hence, is only an incidental 
element in proportioning the engine. If one pound of air 
when worked in a cycle will produce a given amount of 
work, two pounds will produce twice as much when worked 
in a similar cycle. The proportions of an engine having a 
given efficiency depend upon the amount of work to be 
done in one cyde. 

104. Perfect elementary heat engine.— An 
engine receiving all its heat at one temperature and rejecting 
heat at one lower temperature, must pass through its series 




160 HEAT ENGINES. [104.] 

of changes of pressure and volume according to Camot's 
cycle. Such an engine is reversible. No such engine can 
be constructed or operated, but as it would give the high- 
est theoretical efficiency of any engine 
working between the temperatures of 
the source and refrigerator, it serves as 
a theoretical standard of comparison, 
and is referred to as a Perfect Eh- 
^M» m^entary Heat Engine, 

Let A^ A^ B^ B,^ Fig. 45, represent 
a Camot's cycle, according to which the 
engine receives all its heat at the 
temperature t„ being the temperature of the isothermal 
A^ A^ ; and rejects heat only at the temperature t„ being 
the temperature of the isothermal J?, B^. Then will the 
heat absorbed in expanding from state ^, to -4, at the con- 
stant temperature r, be, according to equation {A\^ page 48, 
since d r will be zero, 

and the heat absorbed along the adiabatic A^ B^ will be 
and the heat rejected along the isothermal B^ B^y 
and along the adiabatic B^ J.,, 

and the sum of these will give the heat transmuted into ex- 
ternal work, since the cycle is complete ; hence, 
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JS,-IT,= (r. - r,) jT"' (1^) d V. (158) 

The efficiency, according to the preceding article, will be 

^ — B, FT' ~ Tr+^^^' ^ ^ 

Since equations {A) are general, and applicable to all 
Bubstances, the result must be equally general ; hence, the 
effidency of the perfect elementary engine depends ordy 
upon, the highest and lowest temperatures between ivhich 
it is worked^ and is independent of the nature of tlie 
working sicbstance. 

If iron, or any other solid, could be worked between the 
temperatures r, and r„ according to Camot's cycle, it would 
be just as efficient as if the substance were the most perfect 
gas. The range of volumes through which solids expand 
and contract is small, so that the work done in a cycle 
would be comparatively small, and the changes of temper- 
ature are so slow as to preclude the use of such substances 
in the construction of heat engines. But this fact does not 
affect the efficiency of the cycle. 

The highest temperature at which the engine works can- 
not exceed that of the source, for it is an axiom that heat 
cannot of itself flow from, a hot hody to one still hotter^ 
a principle stated by Clausius {Theory of Heaty p. 78). 

Neither can it be worked at a lower temperature than 
that of the refrigerator, for it is held as an axiom that a 
heat engine cannot he worked at a lower temperature tha/n 
that of the coldest 'of surrovmding bodies^ a principle stated 
by Thomson {Math, and Phys. Papers^ p. 181). These 
axioms are the same in substance, and originally were 
stated independently by the respective authors. 

If any of the heat absorbed is at a lower temperature 
than r„ while all is rejected at r„ the efficiency will be less 
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tlian if it were all absorbed at the higher temperature. To 
show this, let r, be the constant temperatore of the second 
source, then we would have 






and the efficiency would be 

^. + //. ' 

which is less than the value of equation (159) so long as 

H^ is less than H^. A reversible engine has the highest 
efficiency for the heat utilized, and the 
perfect elementary heat engine has the 
highest efficiency of any engine work- 
ing between the same limits of temper- 
ature. 

The principle of efficiency is applied 
in the same manner, whatever be the 
path of the fluid. Thus, if the cycle be 
AaBdA, Fig. 46, ^ Jf and ^ iV^ 

adiabatics indefinitely extended, then, according to Article 

34, we have 

B, = MAaBN, 

H, = MAdBN^, 

. ^_ MAaBN^ MAdBN __ AaBdA _ B-R, . 
MAaBN "MAaBJSr ^~' ^ ^ 

If the indicator card of the steam-engine were A B C D^ 
Fig. 47, in which A B\^ the steam line of constant tem- 




Fio. 46. 



-i. 1 

' k 'h 
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peratnre, r„ £ C the expaueion line of no tranemission of 
heat extended until the pressure falls to that of the back 
pressure, C J the back pressure line 
of constant temperature, r„ and J A the 
compression line of no transmission of 
heat being made to pass through the ini- 
tial state, A^ then will the efficiency be 9 
r. -r. ^ r.-r, Q 

r r * 

, ^ ' » FIG. 47. 

as before. 

In Fig. 45 a constant quantity of air is supposed to remain 
in the cylinder of the engine during the changes forming the 
cycle, but in the steam-engine the heat is carried into the cylin- 
der with the steam, so that the mass of steam increases with 
the stroke from J. to J5, Fig. 47 ; from B to C the mass re- 
mains constant ; at 6^ the exhaust is open, communicating with 
the refrigerator, and remains open until the piston reaches e/, 
at which point the exhaust is closed, and the mass of steam 
remaining in the cylinder at </ remains constant throughout 
the compression J A, At the completion of the cycle the fluid 
in the cylinder at the state A will have the initial pressure 
and volume, but since the changes of state are not effected 
with a constant mass of fluid the operation will not be that 
of a Camot's cycle, and the above expression for efficiency 
will not be applicable. 

The only theoretical mode of improving the efficiency 
of the elementary engine is to increase the range of tem- 
peratures between which it is worked. 

It does not follow from this principle that different 
substances worked between the same limits of pressure 
will be equally efficient, for pressures are not proportional 
to the absolute temperatures, except for the sensibly per- 
fect gases. If, however, the operation be in a Camot's 
cycle, the temperatures corresponding to the pressures 
being found, equation (159) will be applicable. 
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It might be urged that some work would be expended 
in forcing the mass of steam into and out of the cylinder, 
thereby producing less external work than the same heat 
would do in case the changes were produced with a con> 
stant mass of fluid in the engine. In regard to this point, 
it is sufficient to observe that, if the argument be valid, 
the energy so absorbed is too insignificant compared with 
the heat energy of the fluid, to be considered. 

Actual engines do not produce the indicator diagrams 
here assumed, and, hence, must be made the subject of 
special investigation. 

EXERCISES. 

1. In an ideal elementary engine working one pound of 
air, if the lowest pressure be that of one atmosphere, 
2116.2 lbs. per square foot at J5„ Fig. 45, the absolute 
temperature of the refrigerator r, = 550° (T, = 89.34° F.), 
that of the source r, = 950° (7; = 489.34° F.), and the 
volume swept through by the piston during eacli single 
stroke 12 cubic feet; find the greatest and least volumes of 
the air in the cylinder, the power developed in one end of 
the cylinder during one cycle— or double stroke of the 
piston — ^the heat absorbed, and the efficiency. 

To find the largest volume, i\, we have, equation (3), 



'y = 



53.21 r. ^ 53.21 X 550 ^ ^3 gg ^^ ^^ 



p, 2116.2 

To find ^, and 'y,, the adiabatic A^ J5„ equation (41), 
gives 



3.468 



-P. =JP4 (J) = 2116.2 (^) = 14045 lbs. 



1 



y - 1 2.468 

^. = -^4 (^') = 13.83 (i^) = 3.60 cu. ft. 
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To find the least volume, v^, the problem gives 
V, -v, = 12; 
.'.v, = 13.83 - 12 = 1.83 cu. ft. 
And the isothermal J., -4., gives, equation (3), 

p, V, = 53.21 X 960 = 50550 ft-lbs. 
.'.p, = 27630 lbs. per sq. ft. 

= 191.9 lbs. per sq. in. 
Similarly, 

^• = ^=^ = H? = 1.97; 
jp, V, p^ V, 

.•.^, = 4162 lbs. 

V, = 7.03 cu. ft. 

The heat absorbed will be, equation (36), 

p, v.log^ =z 34207 ft.-lbs. 

The heat rejected will be 

^ X 34207 = 19804 ft-lbs. ; 

and, hence, the work done in one cycle will be 
34208 — 19804 = 14404 foot-pounds, 

independent of the time. 
The eflBciency will be 

14404 

34208 ~" ^'^^' 
according to which more than half the energy of the heat 
is rejected by the engine. The ratio of the greatest to 
the least volumes is ' 

-* = 74, nearly, 
and of pressures, 

■Pi = 13. 
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2. In the preceding exercise, what must be the area of 
the piston in order to operate one ponnd of air between 
the limits assigned, the stroke of the piston being six 
feet. 

3. In Exercise 1, if the engine make 20 revolutions per 
minute, what will be the horse-power developed on one side 
of the piston ? 

4. If, in Exercise 1, two pounds of air had been used, 
and the lowest pressure that of one atmosphere, the tem- 
peratures being the same as those given in the exercise, 
what would have been the greatest and least volumes of air, 
the volume swept tlirough by the piston being 24 cu. ft. ? 
Would the efficiency be the same ? Would the work have 
been the same for the same volume swept through by the 
piston ? 

5. If in an demerUary air engine the highest pressure be 
150 pounds per square inch, the highest temperature 450° F., 
the lowest pressure 14.7 pounds per square inch, and lowest 
temperature 60° F., what will be the volimie swept through 
by the piston and the horse-power per stroke ? 

105. Regrenerators consist of a chamber well filled 
with thin plates of metal so arranged as to present a large 
surface to the fluid and offer as little resistance to its 
passage as possible. The fluid, after escaping from the 
engine by passing through this chamber to the refrigerator, 
gives up a portion of its heat to the metal plates, the re- 
frigerator finally absorbing the heat which is permanently 
rejected ; after which, by passing back through the chamber 
and being at a lower temperature than during its former 
passage, it absorbs heat from the plates, thus requiring a less 
amount from the source in order to raise it to the required 
temperature. During the flow of the air from the cylinder 
the plates act as a refrigerator, by abstracting heat from the 
gas ; but during the i^tum of the gas they act in the oppo* 
site sense, and hence become regenerdtars. 
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If the temperatnre changed by insensible degrees in the 
regenerator, the eflSciency would be unaffected, but such not 
being the case, they cause a loss of 5 or 10 per cent, even 
when well proportioned. Their great advantage consists in 
reducing the size of the cylinder, as will appear in the fol- 
lowing exercise. 

Assume that heat is absorbed at one temperature and re- 
jected at another, as in the preceding case, but that the 
change of pressure from one isothermal 
to the other is effected at constant volume 
by passing the air through a regenerator, 
in which case the indicator diagram will 
be represented by Fig. 48. If r^ be the 
temperature of the isothermal B (7, r, of 
A Dy Cv the specific heat at constant vol- 
ume, the heat absorbed in passing from A 
to Bio Cj if the operation were reversible, would be, equar 
tion (J5)„ page 50, 




no. 48. 






Jj; =6;(r. -r.) + i2r. 
heat rejected, 

-.//, = - C; (T, - r,) - JirJ^^'il ; 



Z7(say), 



which is the mechcmical energy eoopended. But in deter- 
mining the efficiency, the loss of heat in passing to and 
fio through the r^enerator must be added to B^ ; since 
that amount of heat must be drawn from the source and 
is not accounted for in the preceding value of J7|, and^ rep- 
resenting this by the expression 
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in which n is a fraction, CV = 0.169 X 778 = 131, we have 
for 

the efficiency = ^^ ^_ 131 ^ (^^ _ ^^)' 

in wliich n will be ^^ or -ji^, or whatever fraction repre- 
sents the heat lost by the regenerator. 



EXERCISE. 

In an air engine with a regenerator producing changes at 
constant volume, let ^,. v^ ; ^„ v, ; r„ r„ be the same as in 
the first of the preceding exercises ; determine the ratio of 
the pressures and volumes. 

Considering the engine as perfect, the work done will 
be the same as in Exercise 1, page 164, for the expansion 
during the absorption of heat must be the same. 

We will have, 

p, = 27630, jp, = 14045; 
V, = 1.83 = v„ V, = 8.6. = v,y Fig. 48 ; 
then 

P. =^« f = 1^ X 14045 = 8132 Iba., 
i>, =i?,-' = ~ X 27630 = 15996 lbs.; 
.•.?i* = 1.97, 

P} = 3.40. 

Comparing these results with the exercise referred to, 
it appears that the greatest volume in that case was nearly 
4 times the greatest volume in this ; hence, the volume of 
the cylinder with the regenerator, under the conditions 
imposed, need be only about one-fourth as large as without 
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106. Air eng^ines have been made in which the 
changes of temperature have been effected at nearly con- 
stant pressure, and others in which the change takes place 
at nearly constant volume. These conditions require special 
forms of mechanism, which will be considered further on ; 
but the work performed in a cycle may be computed from 
the indicator card, as in Articles 104 and 105. 

107« Heat eng^ines^ whether of air, or steam, or 
other vapor, are assumed to transf onn a certain amount of 
heat energy into work independent of the mechanism in- 
volved. That is, aside from the friction of the engine 
wastes due to leaks and clearance, it is immaterial whether 
the engine be single-acting, double-acting, reciprocating, os- 
cillating, rotary, disk, trunk, compound, or any other of the 
many forms of engines used ; the work done will be the same 
in all the engines by the same fluid worked between the 
same limits of .temperature. 

Therefore, considering the engine as a Tieat engine only, 
we have only to consider the thermal changes produced in 
the working fluid during a complete cycle, involving the tem- 
perature of the feed water, and the initial and final tem- 
peratures in the cylinder. But dA a piece of mechanism^ the 
several forms have their mechanical advantages, which must 
be considered in the light of practical mechanism. All the 
details of the engine, such as the valve mechanism, the size 
of the bearings, the strength of the parts, compactness, etc., 
belong to constructive mechanism, and are treated of in 
works which consider these engines as machines. 

In order to analyze a heat engine it is necessary to know 
the law according to which it receives and rejects heat ; and 
since, in actual engines, all these laws are not known, as- 
sumptions in regard to them are made which are supposed 
to be approximately correct. 

108. Steam-engine. — Steam in the cylinder works 
under such a variety of conditions that a complete analysis 
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requires the consideration of several hypotheses. Thus, 
steam may be superheated, in which case it will expand, 
approximately, like a perfect gas ; or it may be saturated, 
in which case, by expanding without transmission of heat, it 
may remain constantly at ihe point of saturation ; or by means 
of a steam jacket, the steam, by being constantly supplied 
with heat, may be considered as dry saturated steam. The 
curve of expansion may be too complex to be analyzed 
with great exactness. When steam enters the cylinder it may, 
and generally will, be hotter than the walls of the cylinder, 
and give up heat to the walls, thus reducing the pressure, 
even if it does not actually condense any of the steam ; and 
as the steam becomes cooler by expansion, the walls of the 
cylinder will give up heat to the steam, thus raising its 
pressure at the latter part of the stroke. The water in the 
cylinder, if any, may also be re-evaporated. In either case 
the restored heat taking place near the end of the stroke 
does not compensate for the loss at the beginning, for the 
former can act through only a small part of the stroke, and 
as soon as the exhaust opens the restored heat escapes with 
the steam and is lost. Water in the cylinder may result 
from condensation of the saturated steam, as shown in 
Article 99, or it may be carried over from the boiler with 
the steam in the form of very small drops, as a spray. If 
the cylinder be jacketed the walls will be kept at a more 
nearly uniform temperature, and thus condensation in the 
cylinder be prevented, which is a great gain in the working 
of the engine. Condensation in the steam jacket does not 
affect the working of the engine. The refinements result- 
ing from these numerous conditions are beyond the reach of 
analysis, because the laws governing their actions are un- 
known. This fact, however, is not seriously prejudicial to 
analysis, for the hj^theses assumed agree so nearly with 
actual cases as to give results, not only approximately cor- 
rect, but so nearly correct as to be reliable in ordinary 
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practice. If, however, it becomes necessary to investigate 
these refinements, or so-called exceptional conditions, the 
problem of the steam-engine in this respect ceases to be 
analytical^ and is essentially empirical. It must not be in- 
ferred that theory, even in this case, is useless, or is to be 
Ignored, for it is only by theory that exceptions are known. 
Theory gives the first grand approximation to the truths 
when, by comparing the results with actual cases, the de- 
fects in the theory become known, and thus, in turn, furnish 
the means of correcting or amending the original theory ; 
after which a second and nearer approximation may be made, 
and so on, bringing the results of theory and of practice more 
nearly to an agreement. A consideration of these many 
conditions demands a special treatise ; we will consider only 
a few special cases. 

109. Ideal steam diagram.— Let A B CEF be 

an ideal diagram of a steam-engine, A B 
being the steam line at constant tem- i 
perature and pressure, BG the expan- 
sion line, C E the fall in pressure at the 
end of the stroke, due to the sudden ^ 
opening of the exhaust passage, ^^the P 



C 

E 
H 



back pressure line, O H the line of ab- O O 

solute zero of pressures ; then OA = OB '^^- ^* 

will be the total forward pressure up 

to the point of cut-off, C II the forward pressure at the 

end of the stroke, H E = O J^the back pressure. 

The admission line J. jB is an isothermal of constant 
pressure, and in this respect resembles the case described 
in Articles 74 and 77, in which a liquid was evaporated 
under constant pressure al a constant temperature. In that 
case more and more liquid was evaporated, producing more 
and more steam, as the volume increased, while here more 
and more steam enters from the source as the volume in- 
creases. We might proceed, as with the perfect engine, to 
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find the heat absorbed and rejected throughout the cycle, 
and take the Bum ; but it is customary to find the revolts 
directly in terms of pressure and volume. 

The ideal diagram is one freed from all irregular and dis- 
turbing causes, such as late opening for admission, initial 
expansion, wire drawing at the point of cut-oflE, slow closing 
of the port, irregularities in the expansion line £ C, too 
early opening of the exhaust near C, a want of sufficient 
opening at J?, and of compression near I^ ; but such a dia- 
gram represents the greater part of the work done, and by 
applying theory to it a result approximately correct will be 
obtained. 

110. Isothermal expansion. — Assume that the 
steam is superheated and the cylinder steam jacketed, then 
will the expansion line be nearly isothermal. Assume it to 
be exactly so, and let 

p^-=- O A = G B^ Fig. 49, be the initial pressure, 
p^^ H Cy the terminal pressure, 
p^=i H E^ the back pressure, 
j> = any ordinate to J5 C, 

v^ =z O G ^ the volume occupied by one pound of 
steam in the cylinder up to the point of cut-oflf, 
v^ ^=^ O Hy the volume of one pound at full stroke, 
r = 'y, -r- Vj = ratio of expansion, 
V = any volume between G and JJ, 
Pjo, = the mean absolute pressure, being such an ideal 
pressure as would if exerted throughout the 
stroke produce the same work as that of the 
variable pressures, 
p^ = the mean elective pressure. 
The equation of B C will be, page 103, 

pv=p,v,=PoV,l' = 83.87 r„ (162) 
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area G B C H^ j p dv = p^v^ 


log» 




(163) 


and 








• OAB CH==p,v,{l + log.r)', 








also, 








.••i'-=f* (! + %.»•); 






(164) 


. i?„ _ 1 + %, r 






(165) 



P.=Pn.-Pv (166) 

771^ eff^ecUve energy exerted by one pound of steam 
against the piston 

^AB CEFA = U^{pra- Pt) ^r (167) 
To Jmd ths heai expended per povmd of steam, let 
H = the heat expended, 
ir^ = the total heat of the superheated steam per 

pound, equation (99), 
T^ = the temperature of the steam admitted to the 

cylinder, 
T^ = the temperature of the feed water, 
B^ = the heat in the feed water, per pound, between 
32° R and T,, 
I z= the latent heai, of expo/nsiony which equals the 
work done during the isothermal expansion, 
equation (163), which heat must be supplied 
from the steam jacket. 
The heat expended will be that above the temperature of 
the feed water, which is carried into the cylinder up to the 
point of cutoff, plus the latent heat of expansion ; or 

H = JT,^ ff, + l (168) 
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Equation (99) may be put under the forms : — 

H, = 778 [1091.7 + 0.48 {T, - 32)]. 
= 778 [865.23 + 0.48 r,], 

= 665369 + 373 t„ (169) 

= 665369 + 4i^, v„ nearly, by means of Eq. (162), 
= 666369 + 4ii>, v„ nearly, (170) 

= 778 {T, - 32), 
and, (163), 

. • . H = 666369 -\-p, v, (si + ^-^) - 778 {T, - 32). (171) 



EXERCISE. 

1. LetjK>. = 100 X 144= 14400 lbs. ; T, =450°;r = 10 ; 
;>, = 2i X 144 = 360 lbs. ; T, = 110^ 
Find 

T, = 910.66° , 

p^ V, = 75922 ; 
V, = 5.27 ; 
rv,== 52.7; 
p^ = 4756 ; 
j>, = 4396 ; 
17= 231757; 

which is the effective work done by one poond of the 
Bteam against the piston ; then, (171), 

H = 1125954 ft-lbs., 

which is the heat expended per pound of steam in the 
cylinder. 
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Press^tre equivale^it to that he<xt — 

2?,, = ? = 21864 lbs., 
^. 
which is such an ideal pressure that if it worked against the 
piston while it swept through the same yolume as when 
driven by the one pound of steam, it would do an amount 
of work equal to the entire energy of the heat expended. 
Efficiency of the stewm — 

U^ P^-P. _ 23151T _ 4756 - 8 60 _ 

5 ^r""ni3350--^^1264 --^•^^- ^"^''^ 

111. Adiabatic expansion of sa^rated steam. 
First, assume the approximate law 

p V =p^v^^ = constant. (172) 

The work during expansion will be, Fig. 49, 

OB CB = fj'pdv=ji), V, (»- 9 r-i), (178) 

and the total work during one stroke, or half revolution, 

OABCH=ip,v, (lO - 9r-t). 

Terminal pressure^ equation (172) — 



i>. = ^ 



r • 



(174) 



Mean total forward pressure — 



Pm = 



OA B CH ^ /lO 9 \ 



Mea/rt effective pressure — 

/lO 9 \ 
A = i^m - i>, = P. (7 - ^) ~i?.. (176) 

Work done per pound of steam — 

?7=i?en=i?.^.(lO-9r-i)-p,t;,, (177) 
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Work dofieper cubic foot of steam admitted— 

- = r^. = p^ ^10 - 9 r-*j - rp^. (178) 

Heat expended per pound of steam admitted— 
This will be the heat supplied to the water per pound 
above the temperature of the feed water ^Zw the latent heat 
of evaporation, and is given by equation (93), which in 
the present notation becomes 

Eq.(78), = 778(7;- rO-f867003-544.6r,. (179) 

Heat expended per eiMc foot of steam admitted— 

H 

- = 778 w, (r, _ r,) + L, (Art 78). (180) 

Egieiency of ike steam — 

^ (181) 

EXERCISE. 

I^t j>, = 14400 lbs. ; r = 10 ;i>, = 360 lbs. ; feed water, 
110" F., as in the preceding exercise. 

Then, omitting fractions of temperature after t„ 

r„ equation (80), = 788.26°, usingj?.; .-. T. = 327.60°. 
(174), = 1115° lbs. 

(80), = 640°, using ^,; .-. r. = 180°. 
(80), = 590°, « J,.; .-.7; = 134°. 

= 110°. 
(89), = 4.36 cu. ft. 
(86), = 4.37 " « 
(172), = 43.7, or 10 «,. 
(175), = 4363 lbs. per sq. ft. 
(176), = 4003 " « « « 
(177), = 174931 ft-lbs. 
(179), = 857706 « " 
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Efficiency — 

g = 0.204. (181a) 

1 1!2. Adiabatic expansion of saturated steam 

according to the theoretical law. In this case the steam is 
assumed to be constantly at the point of saturation, and 
the equation of the curve of expansion is given by. equation 
(150), from which we find, referring to Fig. 49 and Eq. (86), 

ABCD^ f^'udj}= ji^Jlog.ll+^\dr 

= e/ [r. - r. (l + hg. ^ ] + ^ H^. (182) 
For the work, per jpawnd of steam working full cycle, 

^V^* ^.. + CP. - Pn) «r (183) 

The heat expended per pound of eteam admitted to the 
cylinder will be the same as in the preceding Article^ or 

H = /(r. - TO + ^... (184) 

Theeffieieney will be 

g- (188) 

[Messrs. Gantt and Maury determined the ^fflei&ney qf Fluid Vaptyr 
Engine according to ibis hypotliesis— using these equations— for Water, 
Alcohol, Ether, Bisulphide of Carbon and Chloroform (ThetiB, Ste- 
vens Institute of Technology, 1884 ; Van IfimPrawFs Engineering Mag' 
tmne, 1884 (2), pp. 418-482)]. 

EXERCISE. 

Let^, = 14400 lbs. ; p, = 860 lbs. ; T, = 110^ R, as in 
the preceding exercise^ and p^ = 1115 lbs., as found in that 
exercise. 
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If the ratio of expansion were given, p^ could be found 
only by a tedious approximation ; therefore, we have as- 
signed the final pressure. 

We have, 



r, = 788.26° ; . • . T, = 327.66°, 


as 


before. 


T, = 640°; .-.T; = 180°, 


(4 


(( 


T, = 590°; .-.r. = 134°, 


it 


a 


T, = 570° ; . • . r, = 110°, 


U 


u 


p, = 14400 lbs. 


a 


4i 


^, = 1115 lbs. 


a 


a 


«, = 4.375 en. ft 


a 


u 









r = ^1^(778 log, I' + ^) = 9.56, Eq. (152), 



= r t>, = 41.76, 
«, — If , = 6.64. 
27" = 171507 ft-lbs., Eq. (183). 
The preceding exercise gives, 

H = 857706 ft.-lb8. 
^idency of flmd — 

U 171507 



H 857706 
Steam condensed due to expcmsion only-- 

^^-:=^- = 0.137. 

or nearly 14 per cent. 
Mean elective preaeure — 

U 171507 .,^--. 



0.200. (186a) 
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Meam, total forward pressure — 

j>^ = 4170 + 360 = 4530 lbs. 

It will be seen that there is little or no advantage in nsing 
the exact, bnt more complex, formulas of this Article over 
the approximate ones of the preceding Article. 

The efficiencies found in the three preceding cases are : — 

For superheated steam, expanding isothermally (171a) 0.207 

For saturated steam, expanding adiabatically, approximate law 

(181a) 0.204 
" " " " " theoretical law 

(185a) 0.200 

The effect on the efficiency by superheating is too small 
to be of practical importance. As this fact appears to 
be contrary to the popular opinion, it is well to observe 
that the superheated steam in Article 109 is not used in the 
most economical manner ; for a much larger amount of heat 
is thrown away at the end of the stroke than in the example 
of saturated steam, so that if it were utilized in heating 
feed water, or worked in another engine, or used for any 
other useful purpose, the efficiency of the plant would be in- 
creased. Or if it had been expanded down to that of the 
terminal pressure of the other cases, ^, = 1115 lbs., it 
would have shown a greater efficiency ; but to accomplish 
this result the ratio of expansion must be greater, other 
data being the same. These considerations have reference 
to the efficiency of the fluid only, but in considering the 
efficiency of the plants the size and cost of the engine enter 
as elements of the problem. Thus, to do the respective 
works, 281757 and 174931, deduced in two of the preceding 
exercises, with two engines making the same number of 
revolutions in the same time, according to tlie conditions 
assumed, the volume of the cylinder of the one supplied 
with superheated steam must be larger than that supplied 
with saturated steam in the ratio of the volume of a pound 
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of superheated steam at admission to that per pound of sat- 
urated steam, or, as 

but the ratio of the works done will be 

231757 _ 

174931 - ^'^^' 
hence, per cubic foot of the cylinder capacities the former 
engine will do 

1.32 . .A 4.- 

_ = 1.10 times 

the work of the latter. 

The engine using isothermal expansion and doing 231757 
foot-pounds of work per pound of steam, if it uses the 
pound per minute, will do 

?^H57 = 7.02 
33000 

horse-powers per pound of steam ; and, per hour, it will 
require 

1980000 o - . . 

-^gj^= 8.64 pounds 

per horse-power. The engine which expaitds adiabatically, 
doing 174931 foot-pounds of work, would require 

1980000 



174931 



= 11.32 poimds 



per horse-power per hour. These results are for perfect con- 
ditions, no allowance having been made for wastes, clearance, 
or initial condensation of steam. It is a very good plant that 
does not consume more than seventeen pounds of feed 
water per indicated horse- power per hour, although re- 
liable records of some good tests show less than this amount 
Some multiple expansion engines have been reported as 
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consuming about thirteen pounds, as determined from the 
indicator card, but that mode of determining the weight of 
steam does not allow for the condensation of steam. The 
only reliable way is to weigh the water used. Thirty to 
forty pounds is more common in practice. 

The heat of combustion of a pound of pure carbon is 14500 
B.T.TJ., and if it could all be utilized for the purpose it would 
evaporate 14500 -^ 966 = 15 pounds of water at and from 
212°; hence, if the feed water be at 110° F. and boiling 
point at 327° F., as in the two preceding exercises, it would, 
according ta the table on page 112, evapoi-ate 15 -^ 1.14 = 
13.15 pounds ; and to develop one I.H.P. per hour it would 
require 

11.32 -^ 13.15 = 0.861 pounds 

of coal. This does not allow for waste in producing steam. 
If the efficiency of the furnace be 0.70, it would require 
0.861 -^ 0.70 = 1.31 pounds of coal. 

Case of no expansion. In many simple direct-act- 
ing steam pumps, the full pressure of steam is maintained 
throughout the stroke. For this case r = 1 in equation 
(177), and the indicated work will be 

?^=(/>i-i>.)^o (185J) 

when v^ is the volume of a pound of the vapor at the pres- 
sure^,. The work done during the forward pressure will 
be the external work performed during evaporation at the 
pressure^,, and is sometimes called the external latent heat of 
vaporization. That part of the apparent latent heat which 
performs disgregation work will be lost at the exhaust. 

The volume of the cylinder, the piston making n single 
strokes per minute for m horse-powers, will be 

TT 33000 t^.m .^ .^^^ , 

V = ^ — cu. ft. ClS&o) 

nU 
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Water consamed per indicated horse-power per hour, 

D 



^^ 83000 X60p^^^^ (185./) 



EXERCISES. 

1. In a direct-acting steam pump, let the uniform gauge 
pressure be 70 pounds and back pressure 16 pounds, feed water 
60° F. ; required the work done per pound of steam, eflS- 
ciency, volume of the cylinder for one horse-power if there 
be 50 double strokes per minute, and the water consumed. 

i?. = 70 + 14.7 = 84.7, 
i>i - i>, = 68.7, 

T, = 775.6, Eq. (81) ; or, T, = 315° F. ; 
V, = 5.14, Eq. (86) or (89); 

U = 68.7 X 144 X 5.14 = 50849 ft. lbs.,Eq. (185J); 
W = 38.9 lbs. per hour, Eq. (185rf) ; 
F = ^ cu. ft. = 52.4 cu. m., Eq. (185c) ; 
H = 893844, Eq. (179) ; 
J? =0.057, Eq. (185), 

or, the theoretical efficiency of the fluid will be about 5.7 
per cent. 

In actual practice the loss from condensation and radi- 
ation in these pumps is considerable, and the clearance is 
not only relatively large but somewhat irregular— especially 
in the smaller sizes, and it is found that the water consump- 
tion ranges from 75 to 125 pounds per horse-power per 
hour, with the possibility of being outside these limits in 
either direction. Tlie mean average efficiency for tlie^?/trf 
admitted (steam and water) will be for small pumps^of this 
class about \ of the theoretical, or, 

E = 0.019, approximately, 
and, U = 17000 ft. lbs., approximately, 
also, Tr= 120 lbs. of water per horse-power per hour. 
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But the size of the cylinder need not be correBpondingly 
increafiedy for the condensed steam will occupy but little 
volume. 

The efSciency of the furnace, boiler and connections may 
be taken at 50 per cent, giving for the entire plant 

E' = 0.0095, 

or about 1 per cent of the theoretical heat of the fuel burned 
in the furnace. 

It has been found by actual measiur«ments that the average 
duty (or the work which 100 pounds of coal can do) in 
direct-acting pumps feeding 75 to 100 horse-power boilers, 
with coal of good quality, may, in the absence of direct 
experiment, be taken as 10000000 foot-pounds. This is 
100000 foo^pound8 per pound of coal, or 100000 -^ 778 = 
128.5 thermal units, which is about ^^^ of the heat of com- 
bustion of the average of coramerical coaL The efficiency 
of such a plant, then, is actually about 1 per cent of the heat 
in coal of good quality. Such a plant will require from 
9 to 15 pounds of coal per indicated horse-power per 
hour. 

2. In the preceding Exercise, if the stroke be five inches, 
what will be the diameter of the cylinder ? 

3. If, in a direct-acting steam pump, the gauge pressure 
be 100 pounds, back pressure 16 pounds, feed water 90° F., 
find the efficiency of the fluid, and compare the result with 
that in Exercise 1. 

4. If, in Exercise 8, the gauge pressure be 40 pounds, 
required the efficiency of the fluid. 

5. Explain the several causes of the loss of the 99 per 
cent (more or less) of the heat of combustion as found in 
tliese Exercises. What effect has the temperature of the 
feed water upon the efficiency ? 
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112a. General equations of vapor engrines* 

— Consider only one pound of fluid in the cylinder, and let 

J? (7 be the curve of saturation, 
and E F any adiabatic in which 
there is only a fraction of the 
pound of vapor throughout the 
expansion. 

A By Fig. 506J, will represent 
the volume of a pound of vapor at 
the absolute pressure O A — py^ 
and absolute temperature t„ G /the volume at the absolute 
temperature t and pressure O G = p. 
Let X, =zAE-^AB = the fractional part of the fluid at 
the state E that is vaporized, 
v^ = A ByX^v, = A Ey 
x^ G 11^ GI, 

V = G I^ volume corresponding to the pressure O G^ 
X V = G 11, 

Cj the specific heat of the liquid, 

A„ the latent heat of evaporation at temperature r in ordi- 
nary heat units, which will be 
Ae, at temperature r,. 

Then will the equation of the adiabatic jF i^^ be, Eqs. 
(86) and (149), 

which may be put under the more synmietricAl form 

— ^ + c loff^ — = -!— ^ + olog^^^ z= a (xmstantj (b) 

in which r, is any arbitrary temperature. Since th^ vapor 
is to be continually saturated, this equation is limited to the 
conditions that x^ must not be negative, and must be lees 
than unity, and at the same time a?, for any amount of 
expansion, must be less than unity. 
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Let subscript , be used for the terminal state F^ then 

*« *• * I Jo 

The difference between tlie initial and terminal weights 
of vapor will be ' ' • 

.,-«. = .,-(. %^ + --^) i, .. W 

and this may be negative, zero, or positive.' We will 
designate those vapors whose specific heats are negative as 
" steam-like vapors," and those which are positive as " ether- 
like vapors," sUaw, and dker being typical of their respec- 
tive classes. 

If the fluid be water, then (3 = 1, and let a?, = 0.436 at 
r = 800° F. (absolute), K = 1436.8 - 0.7 t. Then equa- 
tion {pi) gives 

for r = 900^ x = 0.404, r = 600, x = 0.450, 

r = 800% X = 0.436, r = 500, x = 0.436, 

r = 700% X = 0.450, r = 400, x = 0.407, 

r = 650, X = 0.453, r = 200, x = 0.277 ; 

from which it appears that steam hhcredsed with the expan- 
sion as the temperature fell from 900° to 650°, or from 340° 
to 190° on the Fahrenheit scale ; and after that it decreased 
continually with the temperature. This change of the 
weight of steam can take place only by the evaporation of 
water initially in the presence of the vapor, and by condensa- 
tion later in the expansion. The converse is also true, that 
if, in the initial state, only a fraction of the fluid be vapor, 
the liquid may at first be evaporated by adiabatic compres- 
sion, but it may reach a state beyond which it wiU he con- 
denied hy adiabatic oanipression. Thus, in the example 
above given, if at 600° F. (absolute) 46 per cent, of the fluid 
be vapor, it will increase to 45.3 per cent, after which it 
will condense ind^fmiteby with adiabatic compression. 
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If at 650^ there be 45.3 per cent of steam, the vapor will 
condeuse both by adiabatic compreaeioa and expansion from 
that state. 

This may be illustrated by the annexed diagram, Fig. 
50}, in which the relations ar3 
^\JP greatly exaggerated. Let I) E F 

M^ represent successive states of con- 

V^ stant steam weight, and A B C2J1 

Vv adiabatic of part liquid and vapor. 

N\. These curves may intersect each 

^^,^^ other at two points a and h ; above 

^^^^P a the weight of vapor in the adi- 
^^o batic will be less than at a, and 
the adiabatic will lie to the left 
oi D E F^ and below h it will lie below the curve of con- 
stant steam weight. The adiabatic is less curved than tlie 
curve of constant steam weight. 

To find the minimum weight of vapor 97ich that^ In/ con- 
tinued compression of stecmirlike vapor ^ the liquid will he 
continually evaporated. 

In equation (J) first find the value of r that will make the 
left member a minimum when aj = 1. Neglecting all 
jx)wer8 of r above the first in the latent heat of evaporation, 
Kegnault's experiments give 

r T 

where a and h are constants depending upon the particular 
fluid. Using this value, it will be found that the required 
function is a minimum for 

a 

^ = 7-5 

that is, r will be near the "temperature of inversion," 
which, in the case of steam, is about 1436^ F. (absolute), or 
976° F. actual. Since the law of the latent heat of evapo- 



tll2a.] VAPOR ENGINES. 187 

ration here given is not exact, i nd, even if it were, Reg- 
naxdt's experiments would not warrant the extension to 
snch high temperatures, we will discard fractions^ and 
treat the entire number, 1436, as if it were exact. Since 
the adiabatic law is not applicable above this state, the 
maximum condensation bj adiabatic expansion will be 
found by beginning at this state and expanding down to 
the required temperature. In equation (c), letting a?, = 1, 
r, = 1436, Ae, = 1436-0.7 r, c = 1, then 



2.3026 log,, h 0.3 




1 _ 2j _ 1 _ 




r 




Ahfo. Temp. Per cent, of Steam. Per cent of Water. 

If r = 800, » = 0.808, l-x = 0.192, 


Temp. Deg. F. 

340. 


= 700, X = 0.753, 1 - aj = 0.247, 


240. 


= 672, SB = 0.725, l-x = 0.265, 


212. 


= 600, X = 0.692, l-x = 0.308, 


140. 



It thus appears that if 72^ per cent, of the fluid be satu- 
rated steam, or 26^ percent, of it be water at 212° F., the 
steam will condense continually by adiabatic expansion, or 
the water be continually evaporated by adiabatic compres- 
sion. If there be less than twenty-six per cent, of water at 
212**, the water will all become evaporated before the tem- 
perature reaches the critical temperature, and, after passing 
that state, compression will produce superheating. Every 
adiabatic having more than 72^ per cent, of steam at 212*^ 
is tangent to some curve of constant steam weight ; and 
hence, with the exception of the adiabatic tangent to the 
curve of saturation, will have a state of maximum steam 
weight, at which point the curves of constant steam weight 
and the adiabatic will have a common tangent. From this 
state condensation of steam will result from compression as 
well as from expansion. The adiabatic which is tangent to 
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the curve of saturation passes throagb the state of the tem- 
perature of inversion. 

According to the preceding table, at r = 672°, if 72^ per 
cent, is steam, compression will produce evaporation up to 
1436°. If at r = 672° we assume 70 per cent, of steam, we 
find the following results : 



T= 672, 

T= 700, 

T = 80C, 

T = 900, 

T = 1000, 



X - 0.70. 
X = 0.78. 
X = 0.76. 
X = 0.794. 
X = 825. 



T = 1100, 
T = 1200, 
r = 1250, 
T = 1800, 
T= 1400, 



X = 0849. 
X = 0.855. 
X = 0.860. 
X = 0.859. 
X = 0.84. 



It will be seen that the amount of steam will be a maxi- 
mum at 1250° F. absolute. 



3g If 

Old o ^ 




FIG. 60e. 



la Fig. 50o the dotted lines are cnrves of equal steam 
weights, and the full lines— except the curve of saturation — 
are adiabatics, one of which is tangent to the curve of satura- 
tion ; another tangent to the curve whose constant steam 
wieight is 86 per cent., the point of tangency being, at. the 
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temperature of 790° F. ; another is tangent to the curve of 
50 per cent, of steam at 240° F. ; and the fourth tangent to 
the curve of 45.3 per cent, of steam at 190° F. absolute. 

In order to show the properties on a small scale, it is 
necessary to exaggerate the relations, thus distorting what 
would be the correct figure. 

An examination of ether will show that the results here 
deduced for steam are not necesswily applicable to other 
vapors. In " ether-like vapors " the temperature of inver- 
sion is below ordinary temperatures ; and for such if a?, = 1, 
condensation will result from adiabatic compression for 
temperatures above that of inversion. Thus, for ether, 
omitting terms above the first power of r, we have from 
Eegnaulf s experiments, 

K = 98.3214 + 0.3870 r. 
c = 0.517. 

Hence, from equation (139), page 147, 

93 32 

8 = 0.517 '- — = specific heat of the saturated vapor. 

If * = 0, then r z= 180° (absolute), or — 280° F. ; and 
this is the temperature of inversion. Assuming any tem- 
perature above this, as r, = 520°, and «, = 1 in equation 
(a), then 

0.5664- 2.3026 &W-1. 
520 

' !!Mf + 0.8870 

From this it appears that x will diminish as r increases, 
and finally become zero f or r = 915°, nearly. 

There appears to be no proportion of vapor to liquid such 
that they will be the same at two different states on an adia- 
badc, as has been fouild for steam. It may be shown that 
for any value of «i, oj.will decrease as r increases, showing 
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that reevaporation does not take place during adiabatic com- 
pression. 

If the fluid be initially all liquid, then x^ = 0, which in 
equation (a) gives for the equation of A J^ Fig. 50a, 



or, 



This expression may in some cases have a maximum, 
from which it appears that if the fluid be initially all liquid, 
under adiabatic expansion the liquid may be evaporated 
until the temperature is so reduced as to produce the maxi- 
mum weight of vapor, after which the vapor will condense. 

Thus, for steam (? = 1, and if r^ = 800, x will be a maxi- 
mum for r = 350^ (absolute), nearly, at which state x will 
be 0.24; or 24 per cent, of the liquid will have become 
vapor. At 300^ x = 0.239 ; f or r = 200% x = 0.21. All 
these latter temperatures are, however, so much below any 
used in practice, that it is not probable that the formula for 
evaporation will be applicable; and we may assert, that, 
within practical limits, steam will be continually generated 
under adiabatic expansion, if in the initial state the fluid be 
entirely water. 

With ether, if initially liquid, evaporation will increase 
with adiabatic expansion until it all becomes saturated vapor, 
after which it will superheat ; provided that the liquid be- 
comes vapor before the temperature of inversion is reached. 

The numerical values of these results will be modified in 
some cases considerably — if higher powers of the temper- 
ature be included in the analysis. 

The ratio of expansion will be 

AB as, «, ^' 



[112«.] VAPOB ENGINES. 191 

K, at the cut-off, J?, the fluid be all vapor, as it may be 
for Bteam-like vapors, then », = 1, and reducing by means 
of equation {a) we have 

which is the equivalent of equation (152), page 154. 

For ether-like vapors, if the final state is that of vapor 
only, then a^ = 1, and substituting x^ from, equation (a) 
gives 

'=71 ^^. W 



{^-clog^)r,v, 



The weight of ether vapor at £, the beginning of expan- 
sion, in order that the pound of fluid shall be all vapor at 
Cj the end of the expansion, will be x^ in equation (a) when 
» = 1, or 

In practice, the adiabatic expansion of steam-like vapors 
may be approximately realized, but there is well-nigh an 
insuperable diflSculty in securing the adiabatic expansion of 
saturated ether-like vapors ; for, in the former case, if steam 
be in the state of saturation at the instant of the cut-off, it 
will continue to be saturated during expansion ; but, with 
the latter, if no ether liquid be present at the instant of cut- 
off, the vapor will superheat during expansion, and instead 
of realizing equation (a), the curve of expansion will be of 
the form 

p^ = a constant J 

in which n will be the ratio of the specific heat at constant 
pressure to that at constant volume. We will continue to 
consider the vapor as saturated. 
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To find the work done during adiaiatic expansion, let «, 
be 80 much less tlian tiaity thaVthe vapor wUl remain satu- 
rated throughout expansion, then will 

a, = AJSFD =fGB. dp = jflc: logh.+ Me,"! J^!? dp 

= ^[« (r, -,,-,, 4^ y + rt^.., *„] ; (i) 

which becomes equation (182) if aj, = 1. 

If, in this expression, the value of x^ ivom equation {a) be 
substituted, and subscript , be attached to those variables 
which are without subscripts, we will have 

U, = j[c [r,^r, - r. log ij +^-LZlLa,.A„] (Q 

Equation {k) is better adapted for the discussion of steam- 
like vapors, and equation {]) for ether-like vapors ; for in the 
former x^ may be unity, and in the latter x^ may be unity. 

Elin^inating log — ^ from these equations by means of 
equation (a) gives 

U.^J^c (r, - r,) + X, K, - flj, Ae.], W 

in which x^ and x^ are limited as before. 

If, during the return stroke, the fluid be refrigerated so 
as to maintain the constant temperature r„ the pressure will 
be uniform and equal CD ; and if at some point, as /, adia- 
batic compression begins and is continued xmtil the tempenr 
ture is raised to r, at Jl, let o^ be the weight of vapor at 
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state Ay then will the work done by compression be found 
by simply changing x^ to a;,, since all the other quantitieB 
remain as before : 

.-. Z7. = e/ [ c (r, - r. - r. loff ^ + ^- x, aJ; {n) 

hence the work done in the cycle A E F tT A will be 

The heat absorbed will be 

«^*. («i - «.) ; 
hence, the efficiency will be 



E 



^ u.-u. 



JK (a?i-»,) ^1 ' 



which is the same as that of the perfect elementary engine. 
Neglecting compression and clearance, we have 

U^AEFD + {p,-^p,)x,v., 

where ^, =: O D^p^ = O M^ absolute pressures. If r^ be 
the temperature of the feed water, the heat expended will be 

H = «7b (r. - r,) + x, J?.., 
where H^^ = Jh^^, Hence the efficiency will be 

•/" [ tf ( n - T, - T, foj^ ^^ + iLZllLa., ji^^ 4- (p. - pi) a^ »■ 

^== !! (o) 

J r c (t, — T4) + xx A.1 J 

From this result it appears that in the case of actual 
engines, the specific heat of the working fluid and the latent 
heat of evaporation both affect the efficiency. If the feed 
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water be at the temperature of tlie exhaust, then r^ = r„ 
and the preceding expression may be reduced to 

js= ! ! M 

By retaining ar, and a?„ equation {o) is applicable both to 
" steam-like'^ and " ether-like" vapors, only observing that 
neither x^ nor x^ can exceed unity, and that they are related 
to each other through equation (a). 

To find the work done during adiabatic expansion when 
the initial state A is that of liquid only, make a?, = in the 
value of U^f or aj, = in equation (i), giving 

U. =A DJ= Jc [^« - r, ^1 + ^ _Il) J (j) 

and if the temperature at L be r, then will J. Jf Z be found 
by substituting r, for r, in the preceding equation. 

Actual engines do not expand down to the back pressure, 
neither is the pound of fluid retained in the cylinder ; but 
at the end of the expansion the exhaust is opened, and the 
vapor escapes until the exhaust is closed at the point L in 
the back stroke. The adiabatic A L will then be for only 
a fraction of a pound of fluid. To find its equation let z 
be the fraction of the pound of fluid, including both liquid 
and vapor, then equation {a) gives 

If the fluid be all liquid at J., then aj^ = 0, and 

which reduces to equation (/), if s = 1 as it should. 




[112a.] VAPOR ENGINES. 195 

But in practice there is clearance and the fluid will not 
be reduced to a liquid at state A, Representing the clear- 
ance hy P Ay Fig. 50^ ; then will z 

- P A^AB, where ^ ^ is the p_A B^ 

volume of a pound ; and equation {r) 
will be the equation of the adiabatic. 
It will, however, be more convenient q- 
to use the approximate equation N 

as has been done in the following 
equation {u). 

Some practical considerations. A steam or hot- 
air jacket is sometimes used to prevent liquefaction of steam 
in the cylinder by keeping the walls of the cylinder hot. 
Liquefaction of steam in the jacket produces no bad effect, 
although it represents cost for fuel. The entire action is too 
complex to admit of definite computation. 

The velocity of the steam through the steam pijpCj if not 
more than 100 feet per second, does not, according to D. K. 
Clark, produce any appreciable loss by f rictional resistance. 
The loss of pressure in passing through the ports into the 
cylinder is, in practice, from 3 to 10 pounds, and in excep- 
tional cases even more. 

Wire-drawing oi steam is the reduction of pressure due to 
friction. This does not represent a corresponding waste of 
energy, for it produces heat, thus superheating it — that is, 
produces a temperature higher than the boiling point corre- 
sponding to its pressure, the pressure being lower than at the 
boiler ; but the entire energy is never restored in this way. 
It is better to cut-off earlier with throttle open than to 
throttle and cut-off later, to produce the same work. 

Superheating may bo produced by wire-drawing, by a 
steam-jacket, by circulating a hot fluid through flues in the 
steam-chest, by heating the pipes conducting the steam to the 
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engine, bj heating in the cylinder by hot pipes, or by inject- 
ing some superheated vapor into a body of saturated vapor. 
The object of superheating is to prevent condensation, to 
diminish the back pressure by producing steam of less den- 
sity, and to increase the efficiency of the fluid. 

When steam is superheated to such an extent that it may, 
without material error in practice, be treated as perfectly 
gasedus, it is sometimes called steavi gas. Experiments of 
Hirn and others show that a very moderate amount of super- 
heating produces steam gas ; from which it is inferred that 
the formulas for steam gas will be practically correct for 
ordinary superheated steam. 

EXERCISE. I 

Find the work per pound of ether working in an engine 
without clearance or compression, expansion complete, be- 
tween the absolute pressures^of 100 and 14.7 pounds per 
square inch ; the ratio of expansion and the efficiency, tlie 
fluid being entirely saturated vapor at the end of the expan- 
sion, and the temperature of the liquid ether 60°. 

Since expansion is complete, the flnal pressure, 14.7 pounds, 
will equal the back pressure. 

The specific heat of liquid ether is <? = 0.517. To find 
the initial and terminal temperatures we have, equation (81), 

1 
r = 



^ 6' " "^4 6" 2 V 

in which for ether, A = 7.5641. 

B = 2057.8, log B = 3.313425. 
C = 164950, hg C = 5.217355. 

Hence, t. = 676, r, = 558 ; . • . T. = 216° F., T*. = 98° F. 
Latent heat of evaporation as determined by Regnault, 
A, = 171.24 — 0.0487 T - 0.000473 T* ; 



I 
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hence, for terminal state, since T^ = 98° h^ = 162 

for initial state, since T, = 216° A,, = 139 

Work, ABCD, Fig. 50a, a?. = 1 in Eq.(Z),ft.-lbs. TJ = 22200 

Initial weight of vapor, Eq. (y), lbs », = 0.92 

EflSciency, Eq. (p\ making a?, = 0.92, j?, z= p^,E^ 0.137 

Volume of a lb. of liquid ether, cu. ft v = 0.0223 

VoLof Ib.of vapor at^, = 100 lb8.,Eq.(84),cu. ft. i;, = 2.98 
« iiu u u "^^ = 14.7« « « " « ^^=z 12.52 

fiatio of expansion, Eq. (i) /•' = 4.6 

Jf there be a clearcmGe^ and sufficient fluid be retained to 
just fill the clearance by compression, as indicated by L A, 
Fig. 50rf, this fluid will act as a cushion, and the energy in it 
will be stored and restored with each stroke, and will not 
form any part of the working fluid. In this case, freeing 
the diagram of the effects of the cushion fluid, as in Stir- 
ling's engine, page 224, u^ will be represented by a line 
equal to «/ C, in which case equ»^tion (n) becomes ap- 
plicable by subtracting from it a trilinear area, of which 
the hypothenuae is the curved line J Z, and the base tlie 
projection of ZJ on F E, But the mean effective prea^ 
sure will be diminished because the effective work per 
revolution will be less, the back pressure being greater. 

Hatio of expansion with dea/rance. A B C E L^ Fig. 
50^, being the diagram described by the indicator, the cut-off 
being 9X B^ A B will be the apparent steam line, and P B 
the real steam line. 
Let 

r' = -j-= = the apparent ratio of expansion, 

c 

r = ^-g = the real ratio of expansion, 

PA 
c = -3rr-^= the ratio of the volume of clearance to 

the piston displacement, 
s = F E=> the stroke of the piston ;. 
then 
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FE^FE r'^"^ if) 

s A P 
' T A B 

The adiabatie A L will be for a fractional part of one 
pound of the vapor, and if J. ^ be proportional to the 
volume of one pound of the vapor, and A J terminates at 
the end of the clearance, then will the weight of vapor re- 
quired to produce ^ Z be 

-T-w- of one pound = <? / ; 

and the volumes will be in the same ratio at equal pressures. 
Hence, 



= '•&' M 



which determines the point where compression must begin. 
The mecm eff^ecti/ve prewv/re will be diminished, but, like 
many other elements, the exact amount cannot be deter- 
mined theoretically, except by a full solution of the problem ; 
still a sufficiently near approximation may be found by 
means of equation (176), page 175, which is 



i>e=i>. [lo- J-~i>.; 



in which r* will be between 1 and 2 for all ratios of expan- 
sion used in practice, and when p^ is large compared with 
Pti Pt ^^^ vary) approximately, inversely as r. Hence, if 
^/ be the mean effective pressure with clearance, and p^ 
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without^ we have, approximately, 

The piitoti displaceT/ient per minute in doing tlie same 
work ajB without clearance will be increased in the ratio 

r' -T- T. 

If ike steam is completely exhausted dutnng ea/sih return 
etroke^ the real volume of steam will be 

PB^{\^cr')AB, {w) 

or 1 + <j r' times the appa/refU Tolume. 

The mean absolute pressure will also be diminished^ to 
find an approximate expression for which, conceive that the 
piston displacement equalled the volume of the cylinder, 
including the clearance ; then would the work done be 

i>« (1 + c) u^. 

But the work done in passing over the clearance would be 

i^t <? ^, ; 
and if pj be the mean, absolute pressure, we have 
pj u^ = jE?„ (1 + c) u^—p,cu^\ 

The expenditure of heat per pound of steam per stroke 
without clearance, or with cushion space just filled by the 
compression of vapor, being 

. H = J?;.+ C'(r. -T.), (y) 

with clearance and complete exhaustion with each return 
stroke will be, equations {w) and (y), 

H(l+o/) = [jr„ + ^(r._r.)](l-f crO. {z) 

The efficiency of the fluid will also be diminished; for 

effectvoe work with clea rance __ pj — p^ , 
effecta/oe work without clearance "" ^n -^ P%^ 
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and the expenditure of steam, and consequently of heat, is 
greater with clearance, as shown by equation {z)j and 
hence the diminution of the eflBciency will be 

E^ E' ^ J. ^—^ -„ nearly. 

Although the effects due to these and other practical con- 
siderations cannot be thoroughly analyzed, yet their dis- 
cussion shows that they do not oppose, or revolutionize, the 
general theory of the vapor engine — they simply modify 
its results. A more complete knowledge of vapor engines 
requires special experiments and a study of the engine itself 
under varied conditions. Theory teaches much, and we are 
thankful that we know so much, and regretful that we know 
so little. 

11 3, Cut*off« With a given plant, if the cut-off be 
early more work may be done with a given amount of fuel 
than if the cut-off be late in the stroke ; and it is proposed 
to find the cut-off which shall give the most work per pound 
of steam admitted to the cyUnder. Tliis problem may be 
called the point of cutoff that will produce the greaiest Effi- 
ciency of Fluid. 

With a given plant, it may be proposed to find the point of 
cut-off such that the owner may realize the greatest profit 
by selling the power produced. This condition will involve 
the first cost of the plant, attendance, repairs and deteriora- 
tion. The deterioration may be such that the cost of the 
entire plant will be absorbed in the course of a few years, 
or if sold during this time, it will be the difference between 
the original cost and the amount received by the sale. In 
this case, if the cut-off be early fuel may be saved, but the 
other changes may make the cost of the power delivered 
more per dollar expended than if the cut-off were later, thus 
making it a problem of maxima and minima. This may be 
called the Owner^a Problem, 

Again, in the plant of the preceding case, the parts may 
be improperly proportioned ; but if a definite amount of 
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work is to be produced, the designer may be required to 
proportion the plant so that the boilers shall be of the pi-oper 
size for working most economically for producing the re- 
quired amount of steam, and the engine so proportioned 
that by cutting olf properly the po\^er produced shall cost 
the least per dollar expended. If cut-off be too late in tliis 
case, more steam will be required, requiring larger boilers 
and more fuel, while the engine may be smaller, thus cost- 
ing less ; or if cut-off be too early, requiring less steam and 
smaller boilers, the cylinder and every part of the engine 
must be larger, costing more, so that this is a problem of 
maxima and minima, and may be designated as the Deaic/n- 
er^8 PrMem. 

These and similar problems have received the general 
title, The Most Economical Point of Cut-off. 

A general solution of the ovmer^s problem was made by 
Bankine, and is made the basis of the solution of the other 
two. It is substantially as follows : — 
Let p^ = the initial absolute pressure in the cylinder per 
square foot, 
p^ = the mean absolute pressure, 
F = the resistance of the engine other than the use- 
ful load, including friction and back press- 
ure, 
h = the cost of producing unity of weight of steam 
in unity of time (one hour), which consists of 
the cost of fuel, repairs, wages of firemen, in- 
terest on cost of boilers, and depreciation ; 
Jc = interest on the cost of the engine, plus engi- 
neer's wages, plus cost of repairs, plus depre- 
ciation of value of engine, plus cost of waste 
and oil, reduced to cost per square foot per 
hour; 
A = area of the piston in square feet, 
I = length of stroke in feet, 
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n = the number of times the cylinder takes steam in 
nnity of time (one hour), once per revolution 
for single-acting engines, and twice for don* 
ble-acting ; 
In =z the number of linear feet swept through by the 
piston in unity of time — one hour ; 

V = the volume of unity of weight of steam at the 
pressure^,, taken from a table of " saturated 
steam " or from equation (86X or (89) ; 

W = weight of steam used by the engine in unity of 
time — one hour, 

V, = the volume swept through by the piston in one 
stroke, 

v^ = the volume swept through to the point of cut- 
oflf, 

r = the ratio of expansion = v, -5- v, 

Z = an auxiliary quantity = p^v^ -7- p^ v^ = the 
ratio of the work done at full stroke, working 
expansively, to the work done up to the point 
of cut-oflE. 
Then 

Z^P^^^lBr; (186) 

JP. ^1 i>i 

.•.i>.= ^ Z. (187) 

it ^ = the interest on the cost of the engine per hour 
for the steam used, and 

Z-A = the interest for each pound of steam used per 
^ hour ; hence, the total cost per pound per 

hour will be 



[118.] CUT-OFF. 303 

The volume of W pounds of steam will be v W, and at 
full stroke, rvW; 

r.Aln-rvW] (188) 

and the preceding expression becomes 

' I n 
The useful work per stroke will be 

which per pound of steam per hour becomes 

which by means of Equations (187) and (188) becomes 

hence, the work done per unit of cost (one dollar) of steam 
will be 

« { n. Z -^ Ft\ v. n.ln 

(190) 



T F 




^ Z —— T 




v{p,Z- Ft) __ i>. 


.i'.'w 


, . , rv hln . 


Jc 


^ + hn hv+' 





which is to be a maximum in reference to r as a variable, 
and will be a maximum when the factor 

Z — — r 



kv 



■\-r 



is a maximum. Equation (186) shows that Zis a function 
of Pn and r ; but the form of the function j^m ^8 ^^^ defi- 
nitely known, depending, as has been previously stated, 
upon the behavior of the steam in the cylinder — ^whether it 
be dry, saturated, superheated, wire-drawn, &c. If the 
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mean forward pressare be found in any manner as a func- 
tion of r, a graphical solution may be made as follows: 
Draw two axes, X and Y^ and 
construct the locus A By Fig. 50, rep- 
resenting Equation (186), by laying 
oflE spaces Q on O X to represent 
r and corresponding ordinates Q P 
to represent Z. Through the origin 
draw a line O iT, such that 

™w. t(mNOX=^, 

then will any ordinate Q Nhe 

F 
Pi 

Px 

which is the numerator of expression (191). 
On the negative axis of a; lay off a distance 

hln 



G^ 



kv' 



and at C erect a perpendicular intersecting N prolonged, 
at 2>. From D draw a tangent to the locus A B^ the point of 
tangency being P, then will the corresponding abscissa, O Q^ 
be that value of r, which will make (191) a maximum. For, 
the part P N oi any ordinate between D N and D P will 
be proportional to C'^, its distance from C\ but C Q \a 
the denominator of (191), and if the line 2>P be above 
the tangent, nothing will be determined by it, and if below, 
assume that it passes through some point, as J., on the 
curve. For the ordinates between the diverging lines we 

have 

P N _^ ordinate through A 

C Q '^ abscissa of A 
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But the part of tiie ordinate below A will be less than 
that represented by the numerator of the second member 
of this equation, thus making the ratio less. 

114. Special cases. 

Ist. Let the expojision he ieothermal y then will 

|^ = ^(l + Zcy.r), (192) 

as given in equation (165) ; and 

Z^^T. (193) 

From these equations the following table has been com- 
puted, which is applicable imperfect gasea^ and superheated 
steam working expansively at constant temperature. 

^ 7 





Eq. (192). 


Eq. (193) 


1 


1.000 


1.00 


li 


.978 


1.22 


H 


.937 


1.41 


li 


.891 


1.66 


2 


.846 


1.69 


24 


.766 


1.92 


3 


.700 


2.10 


8i 


.644 


2.25 


4 


.596 


2.39 


4i 


.566 


2.50 


5 


.522 


2.61 


6i 


.492 


2.70 


6 


.465 


2.79 


8 


.385 


3.08 


10 


.330 


3.30 


20 


.200 


4.00 



With these values of r and Z the locus A B may be 
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constracted, and the value of r found therefrom will give 
the required maximum for senably perfect gaeee. 

2^. Let the esopandon he adidbcUic^ according to the 
approximate law. 

Then 

f = l?-^E,.(m), 

and 

Z = 10 - 9 r"*' 
from which the following table is computed. 



r. 

1 


■?!5. 

1.000 


Z. 

1.00 


li 


.976 


1.22 


1* 


.931 


1.35 


If 


.844 


1.84 


2 


.834 


1.66 


3* 


.784 


1.88 


3 


.678 


2.03 


3i 


.620 


2.17 


4 


.671 


2.29 


4i 


.630 


2.39 


5 


.496 


2.47 


5i 


.464 


2.56 


6 


.438 


2.63 


8 


.357 


2.86 


10 


.303 


3.03 


20 


.177 


3.56 



Results found by constructing the locus A B from this 
table will be applicable to saturated steam expanding adia- 
batically. Other hypotheses might be assumed, and corre- 
sponding results obtained, but as extremely accurate results 
will not be expected in practice, the hypotheses of adia- 
batie expansion will answer for ordinary cases. 
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In regard to the Efficiency of Fluids we have in equation 
(191) k and h both zero, rendering that term indeterminate, 
and equation (190) reduces to infinity, as it should, since 
the cost of the steam is not included in the latter prob- 
lem, which condition only requires the most work per 
pound of steam entering the cylinder. This requires that 

U=^{p^^ F)rv, (194) 

shall be a maximum, and this is equivalent to making the 
numerator of the left member of (190) a maximum, and 
this is a maximum when the ordinate P iT is a maximum, 
giving O Q for the corresponding value of r. Equation 
(194) is easily reduced for a maximum for the isothermal 
expansion of gases. For we have from equation (164) 

which will be a maximum, when - 

r = |;, (195) 

that is, the ratio of expomsion Tnust he such cts to reduce 
the terminal pressure to that of the hack resistance. 

If frictionsd resistances be neglected, jPwill represent the 
back pressure^ which will be that of the exhaust steam ; in 
which case we have 

or 

or the work on the hack stroke wiU equal the work done 
hefore cuiroff ; hence, the useful work wiU equal the latent 
heat of expansion. 

EXERCISE. 

(The following exercise is an abstract of a paper by 
Messrs. Wolff and Denton, TransaMionof the American, So- 
ciety of Mechanical Engineers (1881), 147, 281, except that 
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we aseame that the engine was nsed 10 ont of 24 hours, 

while they assumed that it was ran continuously. It was 

an example of a Buckeye non-condensing engine.) 

. ^ 1. , (26* diameter, i 75.3 lbs. gauge, 

1. Cyhnders j ^g, ^^^^^^ pressure j ^^^ ,, ^^^ 



90.0 <' absolute. 
10 revolutions per minute, working 10 hours daily. 
Assume clearance, c = 2i per cent, 

Condensation = 30 per cent above that indicated, 
Back pressure = 15.7 lbs. 
Friction = 2.0 " 



r.F= 17.71b6. 
Coal, 5 dollars per 2000 lbs. 
Evaporation, 9 lbs. of water per pound of coal. 
We have — 

CHARGEABLE TO THE B:ILER : 

If the engine work full stroke, and no allowance be 
made for clearance and condensation, the cost of the coal 
per hour will be 

VoL 1 stroke feet Doable ■troke. Wt. 1 ca. ft. 

0.7854 X (26y X 48 

T7 28 X 2 X 600 X 0.21185 X 

Lbe. of ooa] per lb. Cost of coal dol- DoUarB per 

of water. lars per lb. hour. 

i X ^jkjf =10.415 

Add 2J per cent for clearance .260 



Sum = 10.675 

Add 30 per cent of $10,675 for condensation = 3.202 

Add wages of fireman ($2.25), laborer ($1.25) . . = 0.146 

Interest on cost of boilers, 8500 X 0.06 -^- (365 X 24) = 0.058 

^ . . 1 8500 

Depreciation, say j^ X 3^^ ^ ^4 = ^'^^^ 

Repairs, if $190 per year = 0.022 

Sum = 14.185 
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CHARGED TO THE ENGINE. 

Assume cost of engine when set to be $9000. 

Interest, $9000 X 0.06 -h (365 X 24) = 0.063 

Wages of engine runner = 0.200 

Depreciation, say ^^of 9000 -r- (365 X 24) . . = 0.042 

Repairs, say $150 per year = 0.017 

Oil and waste, say = 0.030 

Sum = 0.352. 
Then, 

F^ 17.7^ 1 
j>, 90.0' 5.09 

14,1S5 X 1728 

A [n _ 0.7854 X (26)* X 48 X 2 X 600 X 0-21185 4 X 2 X aOI > 
k^ V " 0.8B2 X 144 ^ 4.7 

0.7854 X (26)« 

= 40.47 =0 0. 
O O X ^ = ^IJ = 7.95 = OD, 

In Fig. 50, lay off (? (7 = 40.47 md O D = 7.95, and 
from the point D thus found draw the tangent D P, and 
from P let fall the perpendicular P Q, then will O Qhe 
the ratio of expansion for this case, which, for adiabatic 
expansion, will be 

O Q = 3.4. 

In a class of forty students working independently and 
with different scales, the results differed only by two or 
three tenths, using the same law of expansion, a result near 
enough for practice in the present state of the science. The 
exact value may be found by trial and error, by substituting 
in expression (191). (Addenda.) 

(Literature. General solution by tlie late Professor Hankine, Phil, 
Jr^i^. (1854), 21, 176; Trans. Boy. 8oe, Edinburgh. \o\.JiX.,VKTtlU 
Ship^ Building ; Mtseellansous 8eientifle Papers, pp. 288-299. The En- 
gineer, 1866, April 2d, p. 248, gives a modification of his graphical 
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meiliod. Wolff and Deaton« TranMU^ion of the American Society of 
Meehanieal Engineen (1881), pp. 147-281 (and discussion by others in the 
same T}ran9acUoM) ; Trans. I/nt. Cio. Eng., London, 1881-82, Vol IX., 
Part II., 75, Part III., 44; American Engineer, 1881, June, July, Aug., 
Nov» Emery, Jour. Frank, InsL, May. 1875. Marks, ibid., 1880, '88, 
'84 thureton, ibid., 1880, '81, '88, '84. Wood, ibid.. May, 1884.) 

3. Let the dimensions of the engines and cost of plant be 
as in the preceding exercise, the gauge pressure 70.3 Ibs.^ 
10 revolutions per minute, working 24 hours daily, conden- 
sation 25 per cent, back pressure F. = 18 lbs., coal, evap- 
oration, oil, waste, and interest as in the preceding exercise ; 
also wages, except that they are for 12 hours instead of 10 ; 
life of boiler 10 years, repairs $225 ; life of engine 20 years, 
repairs of engine $175 per year ; engine to run 300 days of 
the year ; find the most economical point of cut-off. 

8. If the cost of producing the steam be neglected, or A 
= 0, in Exercise 1, find the proper point of cut-off. 

4. In Exercise 1 if the " cost of the engine " be neg- 
lected, or A: = 0, find the proper value for r. (Use the left 
member of (190).) 

115. Multiple expansions. — Engines are made 
with two or more cylinders, so arranged that after steam has 
done some work in one cylinder it may be exhausted into 
another, and from the second into the third, and so on, and 
the expansions continued in the successive cylinders. If 
two cylinders are employed, the combination is called a com- 
pound engine / if three cylinders, triple expansion / if four, 
quadruple expansion. Since multiple expansions have come 
into practice, it might be well to drop the term compound^ 
and substitute dovhle expansion. The cylinders may be 
arranged in any desirable manner. If placed end to end, 
having a common piston rod, they are called tandem. They 
may be placed side by side, close to each other, or separated 
many feet and connected by a large pipe. The cylinder 
first receiving steam is called the high pressure cylinder, and 
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lias the fimallest piston displacement per stroke, and the 
others the low pressure cylinders, each increasing in size as 
they are more remote in the grade of expansion from the 
high pressure. In triple expansions, the smaller cylinder is 
called the high pressure^ the next, the intermedicUe^ and the 
third or largest, the low pressure cylinder. The high-press- 
ure cylinder may exhaust directly into the next one, or into 
a receiver, and in the same manner from the next cylinder, 
and so on. In some cases double expansion is accomplished 
in three cylinders, the liigh-pressiure cylinder being between 
the two low-pressure cylinders. 

If the fluid retained its state of aggregation, there would 
be no theoretical gain in expanding in two or more cylin- 
ders over that of expanding in one between the same limits 
of temperature ; but, on the other hand, there would be a 
loss, for the spaces between the cylinders serve as clearances 
which must be filled with steam. Steam cards from multi- 
ple-expansion engines clearly show this loss ; yet experi- 
ence proves that there is a gain of efficiency. This is chiefly 
due to the fact that liquefaction of the steam is less when 
expanded in several cylinders, for the walls of the cylinders 
are kept at a more nearly uniform temperature, being more 
nearly that at which the steam enters the cylinder. 

There is also a mechanical advantage, since the initial 
stress on the crank pins will not be so excessive. With 
triple expansions, the initial stress on the crank pin may be 
about one-half or one-third of what it would be if expansion 
were made in one cylinder only. 

. This arrangement also produces a more uniform rotation 
of the shaft, which in the case of vessels driven by propel- 
lers is favorable to greater efficiency of speed. So that if 
a single expansion and a triple expansion should show th^ 
same economy of fuel per horse-power, the triple expansion 
in the same vessel ought to show greater economy of fuel 
for a given mileage. 
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116. Condensation. — The laws which govern the 
liquefaction of Bteam in the cylinder are not well known. 
Theory recognizes three sources for the appearance of water 
in the cylinder : firsts water carried from the boiler to tlie 
cylinder in the form of a spray, in which particles of liquid 
water are mingled with the steam ; second^ liquefaction pro- 
duced by the expansion of saturated steam ; and, thirds 
liquefaction produced by the walls of tlio cylinder. The 
first pertains chiefly to the construction and management of 
the boiler ; the second has been discussed from a theoretica' 
standpoint by Bankine and Clausius, as stated in Article 98 
Bankine, in an example with assumed data, in which thtt 
ratio of expansion was 32^, found that nearly 18 per cent 
of the steam entering the cylinder was liquefied during ex 
pansion from this cause {Misc. Sc. Papers, p. 399). Theor} 
shows that superheated steam loses nothing from this causb 
so long as it remains above the condition of saturation, and 
actual engines confirm this result. Calorimeter tests oi 
steam- jacketed engines have shown a total loss from lique 
faction of from 10 to 20 per cent. 

The third has been discussed by Professor Cotterell in hie* 
work on The Slearn-Migme, pp. 24^-269, in which he 
shows that this may be the principal cause of tiie loss of 
effidenc}/ of the fluid. The 1 iws of conduction and radi- 
ation are not sufficiently well known to enable one to estab- 
lish a complete theory of liquefaction in this regard ; and 
if they were, the variations of temperature due to expansion, 
as well as the varying temperature of the walls from the be- 
ginning to the end of the stroke, would greatly complicate 
the problem. 

If the liquefied water be deposited upon the inner sur- 
face of the cylinder,' as it will be in the third case, it will 
facilitate the conduction of heat, and the result will be very 
different from the condition in which the water remains 
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distributed throughout the steam, as it is supposed to be in 
the first and second cases named above. 

The reduction of temperature, due to the action of the 
walls, would also have an influence upon the theory in^ 
volved in the second case, in a manner which has not yet 
been considered. 

Initial condensation is that which takes place during the 
admission of steam, and is due chiefly to exposure to sur- 
faces colder than the steam, and is independent of the 
case investigated by Rankine. It can be reduced by keep- 
ing the walls at nearly the temperature of the entering 
steam, and hence may be nearly prevented by a steam-jacket, 
and in other cases may be reduced by late cut-off and high 
speed. The economy of high expansion is so well es- 
tablished by theory and confirmed by experience, when 
condensation is avoided, that other means than that of a late 
cut-off will be sought for preventing liquefaction. 

Theory does not enable us to compute the amount of 
condensation for any particular case ; it must, therefore, be 
determined by direct experiment. A few examples are given 
tn the following notes. 

NOTES. 

117. Experiments on steam-engines: 

(a.) HirrbH experiinents, — By far the most complete set of 
experiments scientifically conduced were those under the 
direction of M. Him, by MM. O. Hallauer, "W. Grosse- 
teste, and Dwelshau verse D^ry, begun in 1873, and extending 
over several years. The results of the experiments are pub- 
lished in the JSullettn Special of the Societe IndustrieUe de 
Mvlhouse^ 1876. Smith on Steam Udn/f contains a sum- 
mary of these experiments, pp. 188-285. 

(J.) H'a/oy experiments, — Mr. B. F. Isherwood, while chief 
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engineer of the United States Navy, made extensive experi- 
ments upon the boilers and engines of several steamships 
of the navy, nnder the general direction of the Department 
of the Navy, which were published in two large volumes, 
entitled Experimental Re^ea/rchea in Steam/h Engineering^ 
Philadelphia, 1863, 1865. 

Mr. Isherwood made the first attempt, so far as known, 
to determine the amount of liquefaction of steam in un- 
jacketed cylinders for various ratios of expansion. The 
experiments were made on the engines qi the steamer 
Michigan^ in 1861, and showed a large amount of liquefac- 
tion, increasing at low speeds and high expansions. These 
were discussed by Bankine, and published in the Proceed- 
ings of ths Inatitutum of Engineers^ Scotland, 1861-62. 

(c.) Nam/ experiments — continue. — ^Messrs. Emery and 
Loring, in 1874, experimented on the engines of the United 
States revenue steamers Bachsy Eush^ Dexter^ and Galla- 
tiny the reports for which were published by the Govern- 
ment, and also in Engineering^ Vols. XIX. and XXI. 

From these and other experiments, some have concluded 
that, for un jacketed cylinders, it will be sufficient to allow 
for the liquefaction of steam in the cylinder, due to all 
causes: 

For full 8trok%, 12 per cent of the total feed water, 
2 expansions, 28 
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86 


6 " 


54 


8 


67 


10 - 


72 


12 


75 
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tt if 




If (( 


« « 



{Afneriean Engineer, 1884. May 28, p. 207.) 

For dry steam at high temperatures these allowances are 
probably much too large, although they may sometimes be 
realized with saturated vapor. 

(d) Experiments at the Stevens InetittUe. Messrs. Gately 
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and Kletzflch experimented upon a Harrig-Corliss engine hav- 
ing an 18-ineh cylinder, 42-ineh stroke, for the purpose of 
determining the laws of condensation under different condi- 
tions. The engine was not jacketed, but was covered with 
lagging and a non-conducting substance. They found that 

if 

$f = cut-off = 0.18, then, cylinder condensation = d; = 0.50 

" = 0.225 ** ** " " = 0.41 

" = 0.88 '• '* '* " = 0.34 

" = 0.45 " " " " = 0.27 

•' = 0.59 •• ** " " = 0.226 

which values are well represented by the equation 

{x + 0.12) (y -f 0.44) = 0.3543. 

If = the area of the surface exposed in square feet and 
X the per cent of condensation, as before, the experiments 
gave 

xz - 1.026 X - 4.77 z = 221.36. 

Varying boiler pressures gave 

p = pressure r= 80.00 pounds, a; = per cent cvl. condensation = 85.24 

" =66.85 '* " " ''• •• =47.88 

= 52.88 " *' " " " = 86.84 

= 87.00 " " " " ** = 41.48 

" = 22.80 " " *• " *' = 41.19 

which may be represented by the equation 

a, = 45 _ 0.1266 jt>. 

{QraduaUon Thens, 1884; Jovr. Frank, iMt., 1885, Oct., Nov. and 
Dec.) 

Messrs. Blauvelt and Haynes, by calorimeter tests upon 
the engines of the steamship Hudson, of the Cromwell Line, 
found in some cases only 10 per cent of liquefaction when 
the cutoff was ^. The pistons were 48 inches in diam- 
eter, stroke 6 feet; steam- jacketed cylinder; 800 horse- 
power engine. {Thesisy 1886.) 

The experiments of Mr. James S. Merritt upon a small 
direct-acting steam pump, at various piston speeds, the di- 
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ameter of the steam cylinder being eight inches, and the 
stroke about 9^ inches, gave the following results : 



Doable ntrokee 
per minute. 



10 

ao 

80 
40 
50 





Water consumed 




per I. H. P. per hour. 


Indicatod hone- 




power. 








Calcalated 


Aetna] 


' 


poandft. 


pounds. 


1.25 


46 


114 


2.86 


50 


89 


8.68 


48 


100 


4.92 


48 


75 


5.84 


51 


86 



Steam condeneed 

in crUnder ; per cent 

oi the feed water. 



60 
48 
52 
86 

40 



{Thesis, 1886.) 

These results are not as uniform as is desirable in such an 
experiment. The one for 20 strokes appears to be excep- 
tional. 

Messrs. McElroy and Parsons, in their test of the boilers 
%nd compound engines of the tug Bhte Bonnet found 
that 37 per cent of the feed water was unaccomited for by 
the indicator cards. The cylinders were, respectively, 19' 
X 22^" and 22* X 22\ The cards indicated that twenty 
pounds of water per horse-power per hour were consumed. 
Boiler pressure, 70 lbs. {Thesis^ 1887.) 

{e) Cylinder coridensation, A series of experiments to 
ietermine the amount of cylinder condensation were made 
by Major English, England, and published in Engineering, 
1887. It is, however, questionable whether they are of 
much practical value, since the conditions do not conform to 
actual practice. 

118. Miscellaneous; 

{f) The weight of steam required by an engine is in- 
dicative of its efficiency. Eighteen pounds per horse-power 
per hour is very good practice. Thirty-five to fifty pounds 
is common in ordinary practice. 

(g) At Calumet, Mich., an engine was tested working at 
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about 600 horse-power, for over ten days, which ran with 
16.3 pounds of feed water. {Am. Soc. MechomicaZ Engi- 
neersj Discussion, Hartford meeting, p. 14.) 

(A) In a three days' test of the steamship Para^ having 
triple-expansion engines, the actual weight of steam con- 
sumed per I. II. P. per hour was 13.4 lbs. Adding 15 per 
cent for initial condensation gives 18.5 lbs.; coal, 1.54 lbs. 
per indicated horse-power; evaporative power of the coal, 
12.0 lbs. from and at 212° F. The SteOa consumed 13.7 
lbs. of steam per I. 11. P., with 1.36 lbs. of coal whose 
evaporative power was 13.9 lbs. of water from and at 212° 
F. {Proc. Institution Mech. Eng., 1886-87, pp. 492-506.) 

(i) Large Ocaan 8Uamer$. 



Leugth, feet 

Breadth, " .. 

Displacement, tons. . . . 

Indicated H. P 

Speed, miles per hour. 
Coal, per day, tons... . 
CoalperL ft. P 



Cylinders 1^^*°^-*"^ • 

(Stroke, " .. 

Steam pressure, lbs. 



CUy (If Borne. 


Vmbria and 
Mruria. 


ServkL 


542.5 


600 


515 


52.0 


67 


52 


11230 


9850 


10.960 


11880 


14821 


10,800 


18.2 


20.2 


, 17 


185 


315 


205 


2.2 


2.1 


2 


:|8®86 


1 @ 71 


1 @ 72 


2 @ 105 


2 @ 100 


72 


72 


78 


90 


110 





{j ) In the year 1840, the time of crossing the Atlantic 
Ocean in a steamship was about 13 days. 
The recent short passages have been : 

City of Borne 6 d. 

Oregon 6 d. 

EtTrwtia. 6 d. 

{Scribner^s Magazine, 1887, p. 315.) 

In 1887, b^inning May 28th, the time of the Umbria 
was 6 d., 4 h., 12 m. In 1888, beginning May 24th at 
Queenstown, the time of the Etruria was 6 d., 1 h., 55 m. 



8h. 


Om 


Oh. 


35 m 


5h. 


31m. 
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Distance, 3028 miles ; average speed, 20.7 miles per hour. 
On June Ist the average speed was 24.08 miles per hour. 

{k) Count de Pambour represented that the friction of an 
engine increased with the load, the expression for the resist- 
ance being of the form 

in which a? is a coefficient, greater than unity, Ji the varia- 
ble load, and R^ the resistance of the unloaded engine. 

But Mr. Charles T. Porter, about 1871, wrote that " ex- 
periments with a friction brake have shown no appreciable 
difference between the losses of power in friction when very 
small and very large loads were driven by the same engine. 
{Americcm Machinist, Dec. 25, 1886, p. 8.) 

The result of Porter's experiments has more recently 
been confirmed by several other experimenters. {Trans. 
Am. 8o€. Mech. Eng., Vol. VII., pp. 86-113.) 

(Z) The Stiletto is a torpedo boat 95 feet long, weighs 
28 tons, develops 460 H. P., having 16 H. P. per ton of dis- 
placement, works with 150 pounds pressure, ran 30 miles in 
77 minutes, or an average of 23.7 miles per hour, passing 
the Mary Powdlj hitherto the fastest boat on the North 
River. The highest speed attained is not given. {The 
Mech. Eng., June 27, 1885.) 

{m) The compound locomotives tried on the Boston and 
Albany Railroad failed as economizers of fuel, and were 
changed to the ordinary form. 

(n) Steam pressure used in marine engines has gradually 
increased at an average rate of more than two pounds per 
year for many yeare. The following values are given in 
Scribner^s Magazine for May, 1887. 
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::::::::.::::::::: g ~ 




1S85 


8 




1840 


10 




1845 


14 




1850 


21 




1855 


25 




1800 


80 * 




1865 

1870 


40 

60 * 




1875 


60 




1880 


70 




1882 


80 * 




1886 


150tol60 
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The writer does not clearly state why these particular 
values are given. Some, though relatively few, steamships 
carry 160 }X)unds pressure, and if this be the highest, then, 
on the same plan, the highest for preceding years ought to 
have been given. Many locomotive boilers carry 160 pounds 
pressure, and have done so for several years. 

(o) Ideal efficiency. It is sometimes convenient for refer- 
ence to have an ideal maximum efficiency for steam powers. 
Assume, then, that the steam pressure is 200 pounds per 
square inch by the gauge, and that the back pressure is 
one pound per square inch absolute, and that the forward 
pressure decreases to one pound absolute ; then will the 
temperature corresponding to the higher pressure be 388^ 
F. and to the lower 102° F. ; and the maximum efficiency 
when working between these temperatures will be 

888 - 102 _ 286 _ 

388 + 460 ~ 848 "" ' ' 

which is somewhat less than \, To realize this result 
would, according to the approximate adiabatic law, require 
about 118 expansions, which fact alone shows that such an 
efficiency is far beyond existing possibilities in a working 
engine. The waste of heat in the furnace of, say, 25 per 
cent, loss of pressure between the boiler and the engine, 
loss of heat at the exhaust, and other losses reduce the 
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efficiency of steam plants below 15 per cent of the heat 
energy of the fuel, 

{jf) QuadnvpU-expanswn engines. In the American 
Machinist of December 3d, 1887, is an article taken from 
London Engineering^ describing a system of quadruple- 
expansion marine engines, which have been placed on sev- 
eral new steamers. The boilers for these engines are de- 
signed to carry 180 lbs. pressure. It is claimed that these 
are 6 to 8 per cent more efficient than triple-expansion en- 
gines. 

(y) Efficiency of plant. Take the case of the steamship 
Ohio^ of the International Steamship Company, wliich has 
triple-expansion engines of 2100 I. H. P., the gross tonnage 
of the vessel being 3325 tons. The engines were guaranteed 
to consume not more than 1.25 lbs. of coal per I. H. P. per 
hour. The cylinders were 31 in., 46 in., 72 in., and 51 in. 
stroke. 

The trial trip developed an I. H. P. for 1.23 lbs. of coal.* 

The calorific capacity of this coal is not known to us, but it is 
quite certain that on such a trial the best of coal would be used. 

If the heat of combustion was 15000 thermal units — 
which is a very high value — there would have been ex- 
pended 

1 . 23 X 15000 = 18450 thermal units 
per horse-power per hour, or 

18450 X 778 = 14354100 foot-pounds 
of energy to produce one horse-power, or 

39000 X 60 = 1980000 foot-pounds 
qf work per hour, in which case the 

^ . /. 7 . 1980000 ^^„a 

efficten^^j of plant = j^^^^^ = 0-188, 

or nearly 14 per cent. 

• The Meehanicid Engineer, Sept. 10th. 1887. pp. 49, 50. taken from 
Intiu$triea 
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If the coal contained 14000 thermal units — a fair value 

for very good coal — the 

^ . /. 7 ^ 1980000 ^^.^ 

efficiency ofplmvt = jgg^^jQ-^ = 0.148, 

or nearly 15 per cent. 

The boilers would naturally be in excellent condition for 
such a trial, and if they, including the steara connections up 
to the steam-chest, gave an efficiency of 75 per cent, then 
we would have for 

13 8 
efficiency of the engines only^ ' = 0.184 in former case 

To 

^^'^ = 0.197 " latter " 



75 



If the efficiency of the boiler and connections were 7(* 
per cent — a fair value — the efficiency of the engines would 
be 0.197 in the former case and 0.211 in the latter. 

It is a remarkably good plant that will produce an indi 
cated horse-power with 1.23 pounds of the best coal 
While it is well known that such a trial may be so con 
ducted as to give a result too favorable to the contractors — 
by not giving proper credit to the heat generated just 
before starting, or by letting the fires run too low at the 
close, or by not standardizing the indicator, <fec. — ^yet, on 
the other hand, tlie proprietors of the vessel would naturally 
check all the conditions so as. to determine. for themselves 
if the terms of the contract were fulfilled. We therefore 
feel some confidence that marine steam plants have been 
made that have developed an actual efficiency of some 14 
or 15 per cent ; and certainly the conventional 10 per cent 
efficiency used by popular writers is exceeded in some 
cases. 

Tests of commercial coal taken at random show that tho 
heat of combustion frequently falls below 12000 thermal 
units per pound. Ocean steamships have b^eu reported as ^ 
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developing an I. H. P. per hour with 2.1 pounds of coal, 
and in some cases with less than that amount ; hence if this 
coal contained 12000 thermal units, the efficiency would be 

j.9800000 _ 
196000000 "" ' 

or over 10 per cent. 

If the initial pressure in the cylinder were 160 pounds 
to the square inch absolute (about 145 gauge pressure) and 
back pressure 3 pounds, and the steam saturated, then 
would the initial temperature be 363° F. and the lower 
142° F., and if this heat were used in a perfect elementary 
engine between these limits, the efficiency would be 

y_ 363~- 142 .^^^ 

and 70 per cent of this is 0.1876, which is nearly one of the 
values found above. 

(r) The torpedo boat Ariete^ built for the Spanish Grov- 
emment, has twin screws and compound engines, 14|^', 24^^, 
by 15^ stroke. Average boiler pressure, 152 lbs., revolu- 
lutions, 895 per minute, developing 155 H. P., and steam- 
ing 24.9 knots (28.8 miles) for two hours continuously. 
One measured mile was run at the rate of 26 knots (30.1 
miles) per hour. 

{s) Qtoskmev Anthracite^ in 1880, had triple expansion en- 
gines. 

Pounds of water per I. H. P. per hour 21.68 

Evaporation per lb. of coal at and from 212° 9.27 

" u u a combustible " " 11.25 

Steam-pressure in the boiler, gauge, lbs 216.5 

" " " 1st cylinder, gauge, lbs 20i.6 

Terminal pressure in the 3d cylinder, gauge, lbs. . . . 9.55 

Expansion, times 25.7 

Coal per I. H. P. per hour, lbs 2.61 
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HOT-AIR ENGINES. 

119. Stirling's (or Lanberean's) Hot-air En- 
gine* This engine was invented by Dr. Robert Stirling 
about the year 1816, and improved by liis son, Mr. James 
StirKng ; for the details Of which see Proceedings of the 
Institution of Civil Engin^ers^ 1845. It was further im- 
proved by M. Laubereau, the form of 
which is shown in Fig. 51. It consists 
of two cylinders of different diame- 
ters, having a free communication be- 
tween them. The smaller piston, B^ 
Fig. 52, is the working piston, and 
drives the engine. The larger piston 
or plunger, Aj is made chiefly of plaster 
of Paris or other non-conductor of heat, 
and is somewhat smaller than the bore 
of the cylinder, so that the air may pass fig. 51. 

freely past it. Also an annular space 
about the cylinder is filled with thin plates or small wires 
which heat quickly as the hot air passes among them, 
and as quickly give up their heat to the cold air on its 
return. This device is the regeneratar referred to in 
Article 105. The top of the cylinder at C may be made 
double to admit of the passage of water ; or, what is bet- 
ter, the upper end of the cylinder may be filled with an 
extensive coil of small copper tubes through which water 
is made to flow by means of a force-pump worked by the 
engine, the object being to maintain a low temperature 
in that end of the cylinder, and thus cool the air at that 
end, and hence is called the refrigerator. The object of the 
plunger is to transfer a mass of air from one end of the cyl- 
inder to the other and back again, and so on alternately, which 
is accomplished by the reciprocating motion of the plunger. 
The plunger is sometimes called the displcunng piston. 
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The plunger, A, is operated by a cam so constructed and 
arranged that when the piston, By is near its upper dead 
point, the plunger will be driven very quickly to the lower 
end of its stroke and remain there until the piston descends 
to near its lower dead point, when the plunger will be 
driven quickly to the upper end of its stroke. 

The cylinder containing the plunger is called the receiver. 
The mass of air in the entire engine is constant, and is so 
maintained by a small air-pump worked by the engine, 
forcing air into the passage D, The mass of air in the 
lower part of the receiver, and which is referred to as being 
below the plunger, when the plunger and piston are at thu 
upper ends of their strokes, is called the working air, and al 
the other air is called cushion air. These masses of air an 
not separated, neither do they keep entirely separate fron. 
eaph other, but intermingle somewhat When both pistons 
are at the upper ends of their strokes, the entire mass of aii 
will have its greatest volume, and that which we consider 
working air will have its greatest volume ; but when the 
plunger is up and piston down, some of that which we call 
cushion air will be forced into the lower part of the re- 
ceiver, and thus become virtually working air. This latter 
quantity will be variable, and will not be considered as 
working air. 

The cushion air will be at nearly uniform temperature, 
and will be considered the same a^ that of the refrigerator. 

To make this engine double acting requires two receivers 
having plungers working in opposite directions, one receiver 
being connected with the upper end of the working cylin- 
der and the other with the lower. 

120. Theory of Stirling's Engine,or of a hot- 
air engine in which changes of temperature 
of the working fluid are made at sensibly con- 
stant volume. In this analysis we avoid the refine- 
ments which would result from following exact conditions 



[120.] 



THEORY OF STIRLING'S ENGINE, 



225 



by assuming ideal conditions, which will represent approxi- 
mately the real ones. For this purpose we make the follow- 
ing assumptions : 

(a) That the working air is that under the plunger when 
both the piston and plunger are at the upper ends of their 
strokes, and the working air is at its highest temperature. 

(J) That the cushion air remains at constant temperature — 
thus neglecting the fact that a part of it enters the receiver 
and virtually becomes working air. 

ip) That the mass of working air is transferred instantly, 
and that the changes of its temperature are also instanta- 
neous. 

{d) The air in the clearance at the lower end of the re- 
ceiver is discarded, but might be included in the cushion air. 

Other assumptions will be made as the subject is de- 
veloped. 

In Fig. 53, let A represent the state of the working 
fluid when at its least volume and greatest pressure; in 
which condition the temperature will be greatest and the 
working piston will be at the bottom of its stroke, the 
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volume in the receiver and clearances being R E, As 
the working piston rises, the plunger remaining at the 
top, the air will expand at a constant temperature to the 
state J?, the path of the fluid being the isothermal A B, 
Now let the plunger be suddenly depressed — the working 
air will at once be transferred to the upper end of the re- 
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oeiver and th«re cooled by the refrigerator. If the piston 
were stationary, the Yolmne of the working air would di- 
minish and its path would be some line inclined to the left 
oi B C\ but iu order to secure the ideal condition of a 
change of temperature at congtOfU volnmej conceiTe that die 
motion of the piston is so regulated as to relieve the pres- 
sure on the working air in such a way as to make the path 
of the fluid a straight line, B Cy perpendicular to the axis 
of volumes. 

To accomplish this, the working piston must sweep over 
the volume X Y while the pressure is falling from B to C. 
When the piston descends, sweeping over the volume Y IF", 
the working fluid will be compressed at the constant tempera- 
ture of the refrigerator to the state 2>, the path being the 
isothennal C D. At the state 2>, let tlie plunger be sud- 
denly raised to the top of the receiver, while the piston 
moves according to such a law that the change of tempera- 
ture will be taade at constant volume. A B C D will be 
an ideal diagram of the working fluid under the conditions 
imposed. The motion here imposed upon the piston is only 
a rough approximation to its actual motion. 

Prolong C B to P \ then will B P he the greatest vol- 
ume of the working air, which, according to the hypothesis, 
occupies the lower part of the receiver when the piston is 
near the upper end of its stroke. Between the plunger, 
when at the upper end of its stroke, and the piston, when at 
its lower end, will be the space at the upper end of the 
receiver, the space in the ports and passage 2>, Fig. 52, and 
the clearance below the piston B. Take P E to represent 
the volume of these spaces. The diagram shows that with 
this arrangement none of the so-called working air will 
enter the working cylinder, and the latter may be kept cool 
to facilitate lubrication. The volume P E should, in prac- 
tice, be small compared with the volume of the lower part of 
the receiver, say from 5 to 15 per cent of the volume KB, 
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To find the path of the cushion air, take R F^ A E\ 
then, according to supposition J, the equilateral hjrperbola 
FJ will be the isothermal representing the changes of 
pressure and volume of cushion air. If the weight of 
cushion air WaTtiie same as that of the wqrking au;, FJ 
would fall upon D C; but as it is generally less, it is^placed 
below. 

To construct the ideal indicator diagram, make AE=-RF^ 
BN=KG, CQ = Jf/, D U^ LB, then wiU E, 
^j Qi Uhe comers in the ideal diagram that should be de- 
scribed by the working engine under the conditions imposed. 
In an actual diagram the comers are rounded. 

To find the efficiency, let 

r, = the highest absolute temperature of the working air, 

r, = the lowest " " " " " " 

r = the ratio of expansion. 

Since the gas is sensibly perfect, and the expansion along 
A J?, Fig. 53, is isothermal, we have, for the heat absorbed 
from the furnace, equation (36), 

J7, = i? r, loff^ ^ = Rr^loo r; 

and for the heat rejected along CD, 

ff^ = a T^log -^ = li r^logr; 

and for that absorbed along D A from the regenerator, 
equation (37), 

J7,= 6;(r,~r.), 

and rejected along B C, 

H, = C, (r, - rj. 

The heats 27, and H^ cancel each other. In practice it is 
found that a certain amount of energy is lost in the regener- 
ator, as stated on page 167, which we represent by 

n C, (r. - r.). 
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The heat transmuted into work per pound of working 
air per revolution will be 

CT = i7. + J7. - //. - 77, = 122.5 (r. - r.) %,.r, (201) 
foot-pounds. 

If the regenerator were perfect, the eflScieney would be 

^=^ = Il_^!, (202) 

which is the same as that of the perfect elementary engine. 
Allowing for the imperfection of the regenerator, and let- 
ting ZF be the work actually performed by the motor per 
pound of air, we have 

j,_ z 

The dimensioiis of an engine must be found in design- 
ing it. 

Let, in Fig. 53, 
J?, with the subscript of the letter at a corner of the 

diagram, represent the pressure at tliat corner ; 
i?, with the same subscript, represent the volume ; 
r=^ K B -T- R A = ratio of expansion of the working 

air; 
q=: R E -r- R A = ratio of the total volumes in the 
cylinders, passages, and clearances, when the work- 
ing piston is on its lower dead centre to the least 
volume of working air. 
All the volumes have reference to one pound of working 
air. 

We have K B :=^ r . R A, 

or, v^ = rv^, (203) 

n = qv^,q > r; 

AE={q-^l)v,; (204) 

Rt,=p^v^=z p^ vy,, (2), p. 11, ) 
Rr^= PcV^= Pi Vi. j 



(205) 
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If 8 be the ratio of the maas of working air to that of 
the cushion air, and r, the absolute temperature of the iso- 
thermal F'J, we have 

Ji r^ = j>f, svt =: pg. sVf^ =^j>i . svij &c. (206) 

vi, = v^; v^ = v^\ Pt^p^\ i>i=i>c.(207) 
From these we find — 



Pressures^ 



i'. _ pt^ 



p^ 



i'c 






_ J2. = 



V^_ 



A 



Vohtmes per pound o/' ths working air— 



v^ = Vt = 53.21 — !-; 



t)„ = ^>, = rv, = 53.21 



»•»'. 



(208) 
(209) 

(210) 



Vclwmes of cushion (jm\ per pound of working air, 
Vr = ^ ^ = (? - 1) ^. = -2^ i)„ (204), (210).. (211) 



%^ rvt = (?-l)'yb 



(212) 



vj = ^' 1,, = -^ v, = (j - 1) .- JL t,„ (206), (207). (218) 









(214) 



Total voltimes, — 

«.=•«. + «'f = -^ «b' 

«n = ^ + «, = ? n' 

», = «. + «i = (l + (?-l) ^) «b- 

t,. = ^, + «.= (l + (?-l)^)^- 



(215) 
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AIbo 

Mas% of cushion air _ v^^ __ / -^x J\_. /gigx 

Mass of working air tJ, r. 

Volume swept through ly the piston per pound of 
working air per stroke — 

%-«.= [l + (?-l)^--f]*'b- (217) 

If there be given, instead of the ratio of expansion, the 
ratio of the volume swept through by the working piston to 

that swept through by the plunger, or — S ^, then r may 

be found from equation (217), giving 

r= ^ (218) 

If ^ is not given, find an approximate value of r by mak- 
ing y = r, giving 

r = ?!a-ZL^ . ^!_ + 1 ; (219) 

the correct value of which will be somewhat less than the 
value thus found, and q will be somewhat greater. Assume 
q about 2 to 5 per cent more than the value of r found 
from (219), and find the correct value of r from equation 
(218). 

If the piston remained on its dead points while the 
plunger was moving, and the plunger on its dead point 
while the piston was moving, the indicator diagram, and the 
diagram representing the changes in the working fluid, 
would be as shown in Fig. 54. The approximate analysis of 
this case presents no serious difficulty. 

121. In designing an engine of the Stirling type, 
the horse-power to be delivered and the number of revolu- 
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tions per minnte mnst be known, in addition to the data al- 
ready assumed. The number of revolutions will be limited 
by the piston speed and the length of stroke. The average 
piston speed may be between 100 and 200 feet per minute. 
One of Stirling's engines, having a four-foot stroke, was run, 
in actual practice, at about 28 revolutions per minute, giving 
an average piston speed of about 221 feet per minute. 

An air engine, reported upon by M. Tresca, had a stroke 
of 0.4 m. (1.3 ft.) and made about 90 revolutions per min- 
ute, giving a piston speed of about 120 feet per minute. 

The large air engines in the steamer Ericsson had an 
average piston speed of 108 feet per minute. 

Let ir= the number of revolutions per minute, 
8 = the average piston speed, 
I = the length of stroke of the piston, 
h = number of horse-power required of the engine, 
W = the work required of the engine per minute ; 
then, 

S=2J}n (220) 

W= 88000 A. (221) 

Let w = the number of pounds of working air required ; 
then, since the work done by one pound per revolution will 
be theoreticaUy, the value of U in equation (201), we have : 

w = ^y^. (222) 

But the actual work U will be less than the theoretical, 
and we will assume it to be 0.7, the theoretical. (In de- 
signing it is better to assume too small a fraction rather than 
too large.) Then 

83000 A ,^^^ ^ 

^ = 0.7xl22.5(r.^rO%.Xiy ' ^^^^^> 

If r be assumed, the weight of air in one cubic foot will 
be, (205), (210)„ 
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— = #-• (223) 

The initial pressure, je>„ may be assumed, since it can be 
produced and maintained by the air pump in connection 
with the heat derived from the furnace. 

The volume of the lower paH of the receiver will he^ 
(223), (222), 

^-^ w cu. ft. (223a) 

Assume the stroke of the plunger to be y ^, in which y is 
a fraction, say f , i, or ^ ; and A its area ; then 

y I . A = w: 

.•.^= 53.21 ^^^. /224) 

The volume swept through by the piston per pound of 
working air per stroke being given by equation (217) and 
the stroke, Z, having been assumed, we have for • 

V "^ V 

the secHariy B, of the working cylinder, = -^-y — - w, 
or 

B=[l + (3-l)^^-f\^, (217), (225) 

in which q will exceed r, and will be assumed* 

If ^ "" " be given, instead of r, first find r approxi- 

mately by equation (219) ; then assume q greater than r, and 
find r by (218), after which proceed as before. 

The mean effective pressure for the single-acting engine 
is such an uniform pressure as would, if acting throughout 
the upward stroke, do the same work as is done by the fluid 
during one revolution of the engine. Since w pounds of air 



[1»1.] IN DESIGNING. 233 

does the work w JT during this time, we have 

EXERCISES. 

1. Let T, = 600° F. ; T, = 120° F. ; ^^ = 120 lbs. persq. 
in. ; stroke of working piston, 2i feet ; 30 revolutions per 

minute ; -^ ^ = J = the ratio of piston displacement 

to plunger displacement ; and 5 horse-power be developed. 
Find 

r, = 1060° ; r, = 580°, omitting decimals. 

-^ = 1.83; -^ = 0.55, nearly. 

r = 1.275, approximately, (219). 
Assume q = 1.30 ; 

then r = 1.25, (218). 

TJ = 5693 ft..lb8., (201). 
J5'= 0.453,(202). 
J5"= 0.317, if 0.7 ^. 
p^ = 17280 lbs. per sq. ft. (given). 
v^ = 4.08CU. ft., (210),. 
v^ — v^=z 2.04 feet. 
Pounds of air ^ w = 1.0, nearly, (222), theoretical, 
or, w = 1.43 lbs., (222a), practical. 

Section trf plunger^ A = — ^ — sq. ft., (224) ; and if y = J, 

then 

Diameter of plunger = 2.46 feet. 
Section of piston ^ = 1.17 sq. ft., (225). 
Diameter of piston B = 1.23 feet 
Ifea/n effective pressure^ p^ = 2755 lbs. per sq. ft., 
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Find also the numerical values of v„ v,, t;„ Vf,VgfP^j \\ 

and^c- U 

2. In a double-acting engine made by Stirling, hav- l: 
ing a piston 16 inches diameter and a stroke of 4 feet, ii 
making 28 revolutions per minute, it was foimd by calcula- :1 
tion, and also by means of a friction brake, that the work 
done per minute on the piston was 1670000 foot-pounds. 
There were passed through the refrigerator 250 lbs. of 
water per minute, and its temperature was increased 18° F. 
while passing. Assuming that the heat, except that doin^ 
mechanical work, was absorbed by the water passing 
through the refrigerator ; find the foot-pounds of heat ab- 
stracted by the water, the efficiency of the fluid, provided 
seven tenths of the heat were abstracted by the refrigerator ; 
the horse-power of the engine ; and the foot-pounds of heat 
unaccounted for by the absorption of heat by the water in 
the refrigerator. 

3. In the engine described in the preceding Exercise, 83 
pounds of coal were used per hour, possessing an estimated 
thermal capacity of 11580 R T. U. ; find the efliciency of 
the plant ; also of the furnace, if that of the engine be 0.3. 

Ans. Efficiency of plants 0.133. 
Efficiency oi furnace^ 0.44. 

From this it will be seen that the eflSciency of the furnace 
is considerably less than that of the steam boiler, which, in 
good condition, may be assumed to be between 0.60 and 
0.75. The efficiency of the plant is nearly equal to that of 
the most efficient steam plants of the present day. See 
page 201. But exact comparisons cannot be made, for the 
thermal capacity of the coal is not known with sufficient 
exactness, nor the comparative physical properties of air and 
steam in regard to conductivity. 

122. Ericsson's Engrine, in which the chwngea of 
temperature are nmde at constant pressure. About the 
year 1833 John Ericsson constructed in London a so-called 
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r " caloric engine," which attracted much attention, especially 

1 from scientific men ; but it was not a commercial success. 

[ His efforts at producing large engines of this class cul- 

\ minated in making in New York, in 1853, a vessel of 2200 

tons, called the Ericsson^ in which the motors consisted of 
' four immense caloric engines.* (For dimensions, see Exer- 

cise 1, following.) After experimenting with these weak 
giants — ^giants in size, but weak in power — they were aban- 
doned ; but he produced another hot-air engine,t which was 
extensively introduced in various parts of the world ; still, 
after a few years, many of them were removed and replaced 
by steam engines. Their great bulk, the noise attendant 
upon their working, and the rapid destruction of their fur- 
naces, were prejudicial to their general use. More recently 
Captain Ericsson has designed a small hot-air pumping 
engine, which is being extensively used, the principles of 
which we will consider! 

123. Description. Fig. 55 is an external view of a 
small hot-air, Ericsson pumping engine, and Fig. 56 ia 
a sectional view of the same. Within a cylinder of uni- 
form bore are two pistons, A and -ff, of which B is the 
driving piston and operates the mechanism in a manner so 
clearly shown as not to need explanation. The lower piston, 
Ay which we will generally call the plunger^ is made of 
some substance which is practically a non-conductor of 
heat. Its office is to transfer a body of air from the space 
below it to the space above, and back again, and so on alter- 
nately, and for this reason is known as the displacing, or 
transferring, piston. In the position shown, the plunger A 
is at the upper end of its stroke, and the piston jff, being 
governed in its speed by the crank Z, is moving most rapidly, 
and is driven by the expansion of the air in the lower part of 

• Journal cf ArU ani Sdence, Sept., 1883. 

f CorUribuUon to the Centennial Exhibition, 1875» by John Ericsaon, 
pp.425-8a 
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the receiver d. Tlio plunger remains nearly Btationary, de- 
Bcending but little while the piston completes its upward 
stroke. The air in the upper part of the receiver is cooled 
by th'j water which has been raised by the pump r circulat- 
ing in the annular space i?£5, so that the water raised for 
other useful purposes acts as a i-efrigerator of the engine. 
During the earlier part of the return stroke of the piston, 
the plunger descends a little faster than the piston, maiu- 




FIG. 55. 



Fio. 56. 



taining a nearly uniform pressure upon the piston while air 
is transferred from below the plunger to the space above, 
the volume and temperature both decreasing. When tlie 
piston has reached about the position shown in Fig. 56 on 
its downward stroke, the plunger will have re:iclied the 
lower end of its stroke and all the working air will have 
been transferred above and its temperature maintained at 
its inferior limit while it is compressed by the completion 
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of the downward stroke of the piston B ; after which the 
plunger will rise to the position assumed at the beginning of 
this description, during which the working air will be trans- 
ferred to the lower part of the receiver, and its temperature 
and volume both increased at. nearly constant pressure. 
The mass of air in the engine is constant. 

1J34. Analysis. Fig. 67 is a copy of an indicator 
diagram taken from a small engine of this class in Stevens 
Institute of Technology. It will be seen that the changes 
of temperature at constant pressure are clearly indicated, 




FIG. 57. 

and the isothermals, being nearly straight lines, show that 
the variation of pressure is small compared with the change 
of volume. 

Assuming that the change of state from that of constant 
pressure to that of constant temperature is instantaneous, 
tlie diagram of one pound of the working fluid may be rep- 
resented by D E F Gy Fig. 68. F will represent the 
state of the working fluid at its highest temperature, r„ 
greatest volume and least pressure ; hence the plunger and 
piston will both be at the upper ends of their strokes in the 
ideal case ; and the mass of air below the plunger will be 
considered as working air, and all the other air cushion air. 
I ^will represent the volume of one pound of M'orking air 
at its highest temperature, and corresponds to the space 
below the plunger. Let F Fx to the same scale corre- 
spond to all the space above the working air; then will 
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IF^ correspond to the entire volume of the cylinder per 
ponnd of working air. The cushion air being supposed 
to remain at the inferior limit of temperature, take /X = 
F F\ and construct the isothermal L K for the temperature 
T„ to represent the/>a^A of. the cushion air. Make D D^^ 




FIG. 58. 



FIG. 59. 



HK= EE,, 0,^ IL\ then will i>, E,F, Gy be the 
real indicator diagram of the engine. If i>, falls to the 
left of F^ the piston at the lower end of its stroke will pass 
into the space occupied by the working air at its greatest 
volume. 

Let r, be the absolute temperature of the isothermal E F^ 
and r, that of D O^ and C^ the dynamic specific heat of air 
at constant pressure; then will the heat absorbed per 
pound of air be, from state D to state E^ 

along ^i^, 

= i?r.,%,r, Eq. (36); 

along F G, 

-5;=-6;(T. -r.); 
along 6? J9, 

hence, the work done per pound of air per revolution, if 
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the conditions were perfect, would be the sum of tliese, or 
J7= 122.5 (T.-r,)%„r.. (227) 

Efficiency of fluid— 

^=-^- = ^^^^5 (228) 

or the efficiency would be the same as that of the per- 
fect elementary engine. There being no regenerator, a 
large amonnt of heat will be lost in passing to the re- 
frigerator and carried away by the water, which will not be 
restored, and if this be represented by n C^ (r, — r^, as 
on page 167, the efficiency would be 

in which the value of w is not known, but may even exceed 
unity in this class of engines, especially with very slow 
speed and strong refrigeration ; that is, more heat may be 
abstracted by the refrigerator than is required to simply 
increase the temperature of the air at constant pressure. 

In this analysis, the pressure at state G will be assmned 
to equal that of the atmosphere, although it may be some- 
what less, as shown in Fig. 57 ; then if 

p^ be the pressure per square foot of tlie atmosphere, t» 
its absolute temperature, and %\ tlie volume of a pound ; 
then 

i>a^a = i?r„(2); (229) 

. • . -y. = 53.21 Ji 

Let^ and v^ witli subscripts, as in Article 120, represent 
respectively the pressures and volumes at the corresponding 
states; then 

Pu =-?•; A ^« = -^ ^3 ; (230) 
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from which it appears that if r, exceeds r„ -w^ will exceed 
Vf^. Vn may be taken, roughly, at 12^ cubic feet. If r be tbe 
ratio of expansion, we have, making r = r, in Eq. (2), 

^^ = ^ = r = ^ = ^ = i?i-. (231) 

From the figure and equation (231), we haye 
Pressures — 

Pt=l>g =I>u =i>g, ; i?d =i>e =i?di =i?et = rpg. (232) 

Volumes— working air, 

ft=.lL,, = lL,.. ^ = :^. ^ = IL«. = ZL.A: (288) 

Cushion air ; let q be the ratio of the entire volume of air 
in the cylinder to the greatest volume of working air, then 

v, = Vn-v,= (q-l)Tt; t^ = A = IJILI . ^c, ; (234) 

Total volumes — 

Vt, = q vr 



(235) 



Foit^m^ «^^< through by the piston per pound of work- 
ing air per revolution-^ 

2 K - ««,) = 2 (? (r - 1) + 1 - ^t-j:^. (236) 

Mean effective pressure per unit area of the pvxton^ or 
energy expended per foot of volume swept through by the 
piston, distributed over two strokes — 

p, = ^ (237) 
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Mean total forward presmire — 

Mean hack pressure — 

P^^Py.-p^ (239) 

Oreatest vol working air _ Vf nearly. (240) 

Piston displacement Vf^ — -Wj/ 

Let 
iT be the number of revolutions per minute, 
Sj the average piston speed, 
Ij the length of stroke of the working piston, 
TT, tlie work in foot-pounds developed by the piston 

per minute, 
-ffP, the horse-power developed per minute, 
Wy the pounds of working air per revolution, 
Ay the area of the working piston ; 
then 

S= 2irZ; 

W= 33000 ZrP; (241) 

W=w U N^ 2p,lA N. (242) 

If the isothermals are so nearly right lines that they may 
be considered as straight, the indicator diagram may bo 
treated as a trapezoid ; hence, its area, referring to Fig. 58, 
will be 

OFy. HI^ 0,F, X Hl'y 

or, (i^r -t^,)(/^d-i^,) = 63.21 (r,-r.)(r~l), (243) 
for the work done per pound of air per revolution. 

EXERCISES. 

\, In the steamer Ericsson^ there were four single-acting 
working cylinders, producing an aggregate of 300 horee- 
power, as determined by an indicator. The pistons were 
14 feet in diameter; length of stroke, 6 feet; revolu- 
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tions, 9 per ininate ; fuel, 1.87 pounds of eoal per horse- 
power per hour, the total heat of combustion of each pound 
being estimated at } 4000 thermal units. 

Let 

T, == 420° F., T, = 120** F. 

From this data iind— 
Mean eff. pressure, lbs. per sq. in. per double stroke. . 1.1. 

Average piston speed, feet per minute 108. 

Vol. swept through by piston per I. H. P., ft. per min.lOTi. 

Heat of combustion of one lb. coal 

14000 X 778 ft.-lbs. = 10892000. 
Duty, 1 lb. coal. .33000 X 60 -- 1.87 ft-lbs. = 1059000. 

Efficiency of plant .... --—^^^.><J9.__ = 0.0971. 
•^ ^ 1.87 X 14000 X 778 

Theoretical efficiency of fluid, (228) jF = 0.340. 

Actual efficiency if 0.8 of theoretical 0.272. 

Probable efficiency of f umace.0.0971 ~ 0.272 = 0.357. 

Notwithstanding the good efficiency of the plant, the ex- 
cessive size of the cylinders and other practical considera- 
tions prevented the general introduction of this class of 
engines for large powers. 

2. Let the bore of the air cylinder of the pumping engine 
shown in Figs. 55 and 56 be 6 inches, stroke of the working 
piston. By 2i inches, stroke of the plunger, O, 5 J inches, 
diameter of the plunger, 5f inches (length of the plunger 
about 20 inches), being the dimensions of this engine in 
the Institute. The piston at the lower end of its stroke 
passes into the plunger space about one inch, and near the 
middle of the stroke, as shown in Fig. 56, there is about ^ 
of an inch between the piston and plunger, thus re- 
ducing the cushion air to a minimum. The furnace extends 
upward about one half the length of the plunger, above 
which the cushion air surrounds the plunger when at the 
upper end of its stroke ; and as only that is effective work- 
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ing air wbicli is subjected Voth to the refrigerator and fur- 
nace, the working air will be less in volume than that of the 
plunger-displacement; but the relation cannot be deter- 
mined with accuracy. As nearly as we can determine in 
this engine, we have 

'^hSZ^y = 0.75, Eq. (240). . (243a) 

Assume r. = 520 ; T, = 130^ F. ; T, = 720° F. ; total 
air volume per pound of working air at its greatest vol- 
ume, ; = 1 . 2 ; and 50 revolutions per minute. 

Find :— 

T, = 590; T, = 1180 ; T, — T, = 690 ; - = 0.5. 

Greatest vol. of a pound of working air, 

(233), cu. ft Vi :=! 29.67. 

Greatest total volume, (235), ' v,, = 35.60. 

Least total volume, (235)., or (243a) Va. = ll-3''>- 

Volimie swept through by the piston per 

pound of working air per stroke, (243a), 

cu. f t Vt^-^v^^ =• 24.25. 

Eatio of expansion, (235), or (236) r = 1.8. 

Work per lb. of air per revolution, 

(227), ft. -lbs U =18450. 

M. E. P., (237), (243a), (233),, lbs. per 

sq. ft. double stroke JPa = 414.6. 

JT. E. P. for the single working stroke 

of air, lbs. per sq. ft JP» = 829.2. 

M. E. P.J for the single working stroke 

of air, per sq. in i^« = 5-76. 

Area of working piston, sq. in 28.2744. 

Work per revolution, ft.-lbs. . ?^:^M>Lli. 829.7 = 33.92. 

Work per minute, ft-lbs 50 X 33.92 = lG9r>. 

Horse-power 1696 -^ 33000 = 0.051. 
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Efficiency, if n = 1 in Eq. (228a) ^ = 0.128. 

Efficiency of plant if eft. of furnace be 0.3 0.037. 

Pounds of working air, (241) w ^ 0.0018. 

The pump described in this Exercise is used by the 
students in their experimental course, and from one of 
those I make the following abstract ; 

At 50 rev. per m. indicated M. E. P. was, lbs. per sq. in . . 5.42. 

T 1. ^.11 S-*2 X 28.2744 X 2i X 50 _.^ 
Lworkperm.,ft.-lbs. . :r^ = 1597. 

Indicated horse-power 1597 -^ 33000 = 0.0484. 

Weight of gas, cu. ft. per hour 15.7. 

Weight of one cubic foot of the gas 0.04584. 

Calorific power, B. T. U. per lb 13650. 

" " " " " " cu. ft ....625.7. 

Ind.ef. of furnace and fluid, ^^^ X 625 7 X 778 ~ ^-^^2^' 
or about 1 J per cent. 

This result shows the great loss of heat in this engine 
without a regenerator. Either the furnace has an efficiency 
of only about 0.1, or if its efficiency be 0.3, then n in equa- 
tion (228a) should be between 3 and 4. If the efficiency 
of the furnace be about 0.2, then n must be 2 or more. 

The eff^ective power as determined by the water pumped 
was 640 foot-pounds per minute ; hence the loss by leakage 
and friction was estimated to be 
1697- 640 _ 

1597 -"•»»*'' 
or nearly 60 per cent 
Efficiency of plant, including fnel, engine and pump 
640 X 60 . ^. „- 

15.7 X 625.7X778 = ^-^^"^^' 

or only one half of one per cent of the theoretical heat of 
combustion of the fuel was utilized by the plant This was 
one of the best of fifteen experiments. 
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The manufacturers guarantee that this size of pump will 
raise 200 gallons of water per hour 60 feet high with 18 
cubic feet of gas. This would give an effectual work of 

200 X — X — X 62i = 1383 foot-pounds. This is more 
1728 60 

than twice the amount found by the experiment above 
cited ; but a part of the diflference may be due to the fact 
that more gas is I'equired than was consumed in the experi- 
ment, the quality of the gas, the condition of the engine, 
etc. ; and the remainder — if any — to the art of advertising. 

A very small power steam-engine with furnace and boiler 
may require from 8 to 12 pounds of coal per horse- 
power per hour, giving an indicated efficiency of some 2 
per cent, more or less. The hot-air pumping engine is used 
not on account of its superior efficiency, but on account of its 
greater economy and safety— there being no danger of ex- 
plosion, and requiring but little expense for attendance. 

125* Ratio of expansion to give a maximum 
mean effective pressure. A general solution cannot l>e 
made. We will assume some elements, and thus illustrate 
the process for a particular case. 

Lety = 1.3; ^^'"'^''^ = 0.8; m=~'; and let 12* cubic 

Vt ^1 

feet of air weigh a pound. 
Then, (236) 

m = 0.5 r — 0.3. 

With these conditions, and equations (227) and (237), 

we have 

122 5 
P, = -2^ U (1.3 - 0.5 r) % r, (244) 

which is a maximum for r = 1.69, as may be found by 
trial. The corresponding value of m will be 

m = 0.545. 
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The value of p^ in (244) will be zero for 

under which condition, the engine, if f rictionless, would run 
without doing work, and would simply change the states of 
the working fluid. The mean effective pressure is unaffected 
by the initial temperature ; simply the range of tempera- 
tures being involved in the value of m^ which may finally 
be expressed as a function of r, as above. The work per 
minute will depend upon the number of revolutions, and 
heat must be supplied in sufficient quantity and with suffi- 
cient rapidity to maintain the assumed temperatures. 

Remark.— The application of the aDalysis In tlie two preceding articles 
is very delicate, for there are so many physical conditions that cannot 
be definitely determined, and a small change in any one of them may 
produce a large change in the results. Thus, it will be seen that changing 
the value of q from 1.2, as in the preceding Exercise, to 1.8 in this 
Article, changes r from 1 75 to 1.G9. (The value used in the Ex- 
ercise is 1.8, being the nearest entire tenth, but its value is exactly 1.75.) 
The " log r" will be changed in a greater ratio, thus affecting the final 
result in a corresponding manner. The solution given shows that the 

fraction ^ is large when the engine is run at its best effect ; and if 

it be assumed as 0.5 it would produce much less work per minute. The 
greater the difference of the temperatures the greater the work done per 
pound of working air, and the greater the ratio of the absolute tempera- 
tures the greater the efficiency, other things being equal. 

The working of the engine is quite as delicate as the analysis, it being 
much affected by friction in the cylinder and stuffing boxes, and the con- 
dition of the furnace. 

12.6. Heat received and rejected only at con- 
stant pressure. An engine involving this principle 
was proposed by Joule and Thomson {PhiL Trans.^ 1885), 
but, so far as known, has not l)een constructed. In this 
engine the expansion and compression of the fluid would 
be adiabatic. A B C D, Fig. 59, page 218, would be the 
indicator diagram of such an engine, in which A B and D C 
are parallel to the axis v, and B C and A Dnjre adiabatics. 
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GAS ENGINES. 

127. A ga,H eugrine is a hot-air engine in which the 
cylinder containing the working air is also the furnace, heat 
being produced by the rapid combustion of the fuel in the 
cylinder— so rapid as to be called an explosion. The fuel 
is an inflammable gas. When the piston is moving back- 
ward in its stroke, air and gas are drawn into the cylinder, 
and, at the proper time, the gas is ignited, an explosion 
takes place, the air is suddenly heated and a high pressure 
produced ; after which a part of the energy thus developed 
is imparted to the piston during the remainder of the stroke, 
and tlie other part is forced out of the cylinder at the ex- 
haust. 

The two most prominent systems which have been de- 
veloped are : one in which the charge is firecj with every 
revolution, when the cylinder is about half full of air and 
gas ; the other at each alternate revolution, when the piston 
is near its remote dead point. In the former, the energy 
developed can act on the piston during only about one half 
of a single stroke ; while in the latter it will act during 
nearly the whole stroke ; so that the latter ought to be, as it 
is found to be in practice, much more efficient than the 
former. Fig. 60, page 238, illustrates an ideal diagram of 
the former engine. 

In nearly all the more recent gas engines the piston 
draws in the charge of gas and air during a full backward 
stroke, then compresses it during the next forward stroke ; 
and when just past the next dead point the gas is ignited 
and the piston is driven by the energy thus developed dur- 
ing the next backward stroke, and during the next forward 
stroke the products of combustion are forced out ; thus requir- 
ing two revolutions to complete a cycle. These are trunk 
engines. Gas engines are made which take a charge at 
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both endfi of the cjHnder and thus resemble double-acting 
engines, although, in reality, there is only one explosion 
during each revolution. Others, like the Clerk engine, 
compress the charge in an auxiliaiy cylinder which is fired 
in one end of the working cylinder with every revolu- 
tion. Thus, while the steam-engine has been improved 
by passing from single acting to double, quadruple, &c., 
acting during each revolution, the gas engine has been im- 
proved by passing from double to single acting during each 
revolution, and, finally, to one action during a bi-revolution. 
138. History. The origin of the gas engine is not 
definitely known. It appears to be an outgrowth of an effort 
to use gunpowder as the fuel, which substance was sug- 
gested for this purpose as early as 1680 by the celebrated 
Huyghens. The gas engine proper was first patented in 
England more than a century later, 1794, and, although in 
the years following there were many improvements and 
many patents, yet it became of no practical value until about 
1860, during which year M. Lenoir constructed in Paris the 
first gas engine that was actually introduced into public use ; 

and during the five years 
immediately following several 
hundred were used in France. 
It was patented in England 
by J. H. Johnson. It was of 
the non-compression type, and 
in its external appearance re- 
sembled the ordinary double- 
actingsteam-engine. The charge 
was fired at each end during 
each revolution. It contained 
no new principle, and its success was the result of the care 
and thoroughness with which the details were worked up. 
A section is shown in Fig. 61. Fig. 62 is an indicator 
diagram taken from a two horse-power engine of this class, 
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Fig. 62. 



as shown in the Journal of ike FranTdin Institute^ Vol. 
LL, 1866, Feb., p. 176. 

The length of the line A B^ Fig. 62, represents the length 
of stroke of the engine, while the line itself is the atmos- 
pheric line. Three lines are traced 
representing the action at one end of 
the cylinder during six revolutions. 
From J. to 6 the charge was taken in at 
atmospheric pressure, but from J to ^, 
the inlet valve being partly closed, the 
pressure fell, and at c the valve closed, the charge was fired 
and the pressure suddenly raised ; and the energy thus de- 
veloped drove the piston to the end of its stroke. During 
the return stroke the products of combustion are driven 
out at atmospheric pressure. 

In 1867 Otto and I^ngen exhibited their free piston 
engine, of which Fig. 63 is an external view of one of this 
class in Stevens Institute. The princi- 
ple was not new, but its details were so 
well worked up that it became a com- 
mercial success. It acts by drawing in a 
charge of air and gas during the first 
few inches of its stroke, then the valve 
is closed, the charge fired, and the pis- 
ton, which is free, is shot upward, and a 
partial vacuum formed within the cylin- 
der, while the pressure of the atmos- 
phere on the piston gradually brings it to 
rest and then forces it downward. Dur- 
ing tlie downward motion a pawl on the 
piston rod engages a ratchet on the main 
shaft, thus imparting to the latter a 
rotary motion, which is rendered nearly uniform by the fly^ 
wheel. 

The idea of compressing the charge before explosion was 




250 HEAT ENGINES. [128.] 

mentioned as early as 1801, but the system now generally 
used was patented by Bamett, an Englishman, in 1838, and 
by Million, a Frenchman, in 1861, and further developed 
by M. Beau de Eochas in France and Sir C. W. Siemens 
in England, both in 1862. The advantages of compression 
became fully recognized by this time, and the principle has 
l)een incorporated into nearly all gas engines constructed 
since that date. 

In 1876 M. Otto produced his " Otto Silent" engine, 
which, for smoothness and quietness of running, and the 
economy in the use of the gas fuel, far exceeded all pre- 
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vious inventions of this class of engines, and in less than ten 
years after its invention it is claimed that 16,000 were sold. 
Ko new principle was incorporated, the success being en- 
tirely dependent upon the skilful use of the principles de- 
veloped by others. Fig. 64 is an external view of an " Otto," 
used in making experiments in Stevens Institute. 

Successful gas engines of many varieties are now nsed. 
At the American Institute Fair, in the fall of 1887, six 
different types were exhibited by as many different invent- 
ors ; among which was an " Otto" containing the most 
recent improvements, some of which Wiere exceedingly 



[129.] SOME DEtAILS. 251 

Jmiiin'min^ and a " Baldwin" of recent invention, which for 
silent rmamng and nnif ormity of motion seemed to be all 
that coald be iiaired. All these engines outwardly re- 
sembled the mod«F« horizontal steam-engine. Some en- 
gines of this class are duplex, some vertical, but mostly 
horizontal. 

The great improvement made in tho gas engine is strik- 
ingly illustrated by the fact that the fir^ successful ones, 
Lenoir^s, consumed about 100 cubic feet of gas ^r indicated 
horse-power per hour, while an Otto has consumed less than 
20 cubic feet for the same power. Some of the earlier 
engines consumed more than 100 cubic feet, and the latter 
ones more generally require about 24 cubic feet. The low- 
est figure given above was for a rich gas and an 8 H. P. 
engine. 

129. Some details. Between the piston at its dead 
point and the end of the cylinder is a space not swept over 
by the piston, called the combv^tion chamher / the volume 
of which is 0.4, more or less, of the entire volume of the 
cylinder. 

The fly-wheel is large compared with the power developed 
to insure more uniform running. The speed is also regu- 
lated in part by a governor, which operates differently in 
different engines. In some it cuts off a part of the supply 
of gas with each charge; in others it cuts off an entire 
charge until the speed is properly reduced ; and in still 
otiiers it closes the exhaust so as to retain a part, or all, of 
the products of combustion of the previous explosion, thus 
preventing a full charge of both air and gas being taken in. 

The gas is ignited in various ways. A flame of gas, ex- 
ternal to the cylinder, communicating with the interior by a 
small orifice covered by the piston until the charge is taken 
in and then uncovered during its regular stroke, has proved 
to be eflScient. The orifice may be so small as to remain 
open during the explosion, but in the more recent engines 
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the orifice is covered by a valve. The flame may be carried 
a very short distance in a cavity of a valve. Incandescent 
metal, so rendered by a flame or by an electric current, has 
been successfully used. In some cases ignition has been pro- 
duced by an electric spark ; and in still others by chemical 
action. This is an exceedingly important detail, and has 
given inventors much trouble, as its action must not only be 
certain, but must act promptly at a definital part of the 
stroke, and, sometimes, more frequently than . 90 times per 
minute. 

A space is provided for the circulation of water about the 
cylinder, through the piston, and also through the cylinder 
heads. This is rendered necessary to prevent injury to the 
metal from the high temperatures due to the explosion. 
Mr. Dugold Clerk made experiments upon gas exploded in 
a closed vessel, determining the time of explosion and the 
pressures resulting, from which the temperature was com- 
puted by means of equation (1), page 11. He gives the 
following results : 



MIXTURES OP AIR AND OLDHAM COAL GAS. 

TEMPSRATUBE BEFORE EXPLOSION, l?*" C. 







Max. press, above 


Temp.ofezploflion 


Theoretical temp, 
of explosion if aU 


Mixture. 


atmos. In poundit 


calculated from 






persq. in. 


obeerved pressure. 


heat were evolved. 


Gas. 


Air. 








1vol. 


14 vols. 


40 


806' C. 


1786' C. 


1vol. 


18 vols. 


51.6 


1088' C. 


1912' C. 


1vol. 


12 vols. 


60 


1202" C. 


2058' C. 


1vol. 


11 vols. 


61 


1220' C. 


2228' C. 


1vol. 


9 vols. 


78 


1557' C. 


2670' C. 


1vol. 


7 vols. 


87 


1788' C. 


8384' C. 


1vol. 


6 vols. 


90 


1792' C. 


8808' C. 


1vol. 


5 vols. 


91 


1812' C. 




1vol. 


4 vols. 


80 


1595' C. 





(The Gaa Engine, by D. Clerk, p. 111.) 
The computed temperatures may not hare been the highest 
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at the instant of explosion, and, as Mr. Clerk says, are 
merely averages ; and it may be taken, that coal gas mix- 
tures with air give upon explosion temperatures ranging 
from 800° C. (1500° F. nearly) to nearly 2000° C. (3600° 
F.), depending upon the dilution of the mixture. Since 
cast iron will melt when subjected to a prolonged heat of 
about 2000° F. (p. 89), the heat of explosion would de- 
stroy the working surface if it were not cooled by some 
artificial means; but with the means employed, cylinders 
have been used for years, and a wearing surface main- 
tained as perfect as in the steam-engine. The gU/w resxdt- 
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ing from the explosion has been observed by inserting in 
the cylinder a small tube containing a strong glass through 
which one could look. 

130. Theory. "We will consider the bi-re volution 
compression system. Fig. 65 is an actual indicator diagram 
taken from a 10 horse-power Otto engine during an experi- 
ment in the Institute, except that we have added the part 
A\ C B \jo represent the combustion chamber, and reduced 
the linear dimensions one half. It is a fair sample of many 
others that wei*e taken. A D \a the atmospheric line, 1 JD 
the stroke of the piston, A 1 the clearance, 2 6 the com- 
pression line, 5 C the explosion line, C 7 the expansion line. 
The explosion is nearly, but not quite, instantaneous, as 
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shown by the line 5 C — the piston moving a very short 
distance before the explosion is complete. During the tak- 
ing in of the charge the pressure follows the line 12; 
during compression, the line 25 ; during explosion, the line 
5 C\ during expansion, the line C 7; during exhaust, 78; 
during the fourth stroke the products of combustion are 
forced out, following 81. 

In subjecting these operations to analysis, we proceed, 
as before^ to construct an ideal indicator diagram, in which 
we assume that the explosion takes place instantaneously 
at the remote dead point — that the expansion and compres- 
sion lines are adiabatic — that the fall of 
pressure at the end of the stroke takes 
place without change of volume — and 
that the charge is taken in and expelled 
at atmospheric pressure ; thus producing 
a diagram like 0, 1, 2, 3, Fig. 66, in which 
C 3 represents the pressure of the atmos- 
FiG. 66. " phere. 

Letting the subscripts corresponding to 
the comers of the diagram represent the corresponding 
states ; then will the heat energy developed by the explosion 
be the area 3012 indefinitely extended to the right between 
the adiabatics 03 and 12 prolonged; the value of which 
for each pound of the substance will be 

H, = C. (r, - r,), 

as in Exercise 3, page 64. The heat rejected in passing 
from state 2 to state 3 will be, similarly, 

hence the efficiency will be 

E = ^^ " ^* = ^' "^ ^o "^ ^ ^ « " ^») = 1 — IlH-I?. (845) 

III Ti — To Ti — Tq 

Since v^ = v^ and t\ = -w,, we have from equation (42), if y 
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be constant, and the Mine for the curve of expansion as 

for compresfiiMi^ 

T r 

— =:-—• 

r. -- r. r T 



^1 — ^o ^, ^0 

according to which it appears that tlie efficiency ^iepends 
only upon the ratio of the temperatures just before and just 
after compression — or, generally, upon the temperatures at 
the extremities of either adiabatic, but otherwiso is inde- 
pendent of the temperature of the explosion. 
7%^ work per pound will be 

Cr,,. = JT,-Jl,= Crl (^. - ^.) - (^ - r,) I (247) 
To find this work in terms of p and v, we have pv = lireiB 
in equation (2), and H = {y — 1) Cy, as in the answer to Ex- 
ercise 7, page 59 ; .-. CyT^ =: ^? Z^" , as at the top of page 
65, and similarly for^„ v^, r„ &c. ; hence, 
1 

This may be further reduced by means of equation (42), 
and making ^7^ = fTJb -5- t?, = the work done per cubic 
foot of the mixture, r = r, -^ v^, the ratio of expansion, 
and^, = />, 7*y, we have 

^«=^^-^^^^^- (249) 

7%^ Tnean elective pressure on a square foot of the pis- 
ton, or the energy developed per foot of volume, distrib- 
uted over four strokes, will be 

p. = ^^ = l^kT. (250) 
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Let If be the number of revolutions per minute ; S^ 
the average piston speed ; Z, the length of stroke ; jffP, the 
horse-power; TF, the work in foot-pounds developed bj 
the piston per minute ; t/?, the pounds of the mixture at 
each explosion ; A^ the area of the piston ; then, 

W = 33000 ITP =z^pJA]!f (251) 

-=4^. ' (252) 

Work done per pound per eingle stroke will be 

A J ^ 

Volume swept over by the piston per stroke 

Volurnesweptoverhy the piston per j>ound of tJie inixture 
per stroke 

131« The flimace. The smaller the combustion 
chamber, compared with the volume swept over by the pis- 
ton, the more efficient will be the charge, as shown by equa- 
tion (246), since r, -^ r^ will be greater the smaller 
Vo -5- ^1 as shown by equation (42). But, on the other 
hand, the smaller v^ = «;^ is when the explosion takes place, 
the greater will be p^ and r^ after tlie explosion, as shown 
by equation (2); but as the temperature of explosion is 
very high in practice, there will be a practical inferior limit 
to the size of the combustion chamber, which must be deter- 
mined by a protracted use of the engine. In the " Otto," 
with which experiments were made at the Institute, the 
combustion chamber was 0.38 of the entire volume of the 
cylinder, and about the same relation exists in some other 
engines. 



[133.] THEORETICAL ENERGY OF THE GAS, 257 

The efficiency of the explpBion, or, as we may say, the eflS- 
ciency of the furnace, is not perfect. Experiments made 
by Mr. D. Clerk in closed vessels of fixed volume, on the 
supposition that the absolute temperature varied as the 
absolute pressure at constant volume, found that the heat 
evolved varied from 50 to 60 per cent of the theoretical 
{The Gas Engine^ p. 182) ; the latter being nearly the 
highest value found in any case, while in many cases it is 
considerably less than the former. Thus, for a mixture of 
air and Oldham gas, he found 

Fraction of gas, vol. ^Vj tV^ tV^ tV h + 
Heating efficiency 0.40, 0.48, 0.50, 0.46, 0.40, 0.37. 

This shows that the furnace efficiency diminiiShes with 
the richness of the gas when the gas exceeds -^ of the vol- 
ume of the mixture {ibid., p. 113). The table in Article 128 
shows that the efficiency in that case varied from a little 
below to a little above 50 per cent, when the initial tempera- 
ture was 17° C. The initial temperature in the engine 
will be considerably above this, which, added to the facts 
that — the pressure in the cylinder may be less than that of 
the atmosphere — a part of the products of combustion will 
be retained — possible leakage — and imperfect action — make 
it advisable, in the absence of actual measurements, to con- 
sider the efficiency of the explosion as not more than 0.45 
of that indicated by the chemical composition. The cause 
of the large difference between the theoretical and actual 
heat developed is not well known. It is found that, gen- 
erally, the best results are obtained when the volume of 
air is 6 or 7 times that of the gas, so that the volume of 
the gas for each charge will be ^ or J of the volume 
swept over by the piston in one stroke. 

133. To And the work and efficiency in 
terms of the theoretical energy of the gas. 

Let kc be the energy of the gas in thermal units, devel- 
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oped by the explosion of one pound of the gaa as deter- 
mined from its chemical composition, K^ the dynamic 
equivalent, m the coefficient of reduction of its efficiency, 
^,,^1 P„ P„ the temperatures and pressures, respectively^ 
which would result at the states 1 and 2, if the efficiency, 
w, were unity, and the expansion adiabatic ; and assuming 
that the entire energy of the explosion is communicated to 
the mixture, we have 

K, = JJc,= C^T.-r,); (255^ 

■ ■••'"-'•= f(tr' m 

and establishing an equation in the same manner as (247) we 
have, for the indicated work per pound of the mixture per 
stroke of the explosion, or per bi-revolution of the engine, 

hence, the indimUd efficiency of the plant will be 

133 The expansion and compression curves. 

Since there is a flow of heat from tlie working fluid to the 
water jacket and the reverse, the curves will not be strictly 
adiabatic, neither will they be isothermal. Their character 
may bo more accurately determined from a study of ait 
actual diagram. Assuming that tliey follow the law 

p v^ = constant, 

Messrs. Brooks and Stewart found, for the curve between 
«and 7, Fig. 65, x = 1.363 ; and for the compression curve, 
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X = 1.335. ProfeBsors Ayrton and Perry, by an experi- 
ment which they confess was not as accurate as the above, 
found for the expansion curve, x = 1.479, and for tlie com- 
pression curve, X = 1.304.* These results show that it is 
much more nearly adiabatic than isothennal. The value of 
y used in our analysis should be less than 1.4, the value for 
air, because the presence of the hydrocarbon of the mix- 
ture will reduce the ratio of the specific heats ; but since 
the quantity of air predominates, we may, in the absence of 
actual measurements, use ;^ = 1.4. Air behaves so nearly 
like a perfect gas that this value would be practically con- 
stant, even for the highest temperatures, if the expansion 
were adiabatic. 

134* Experimental results* Messrs. Brooks and 
Steward, during tlie summer of 1883, made a thorough test 
of an Otto engine,t from which we make the following 
abstract. Dimensions of tlie cylinder, 8J inches diameter, 14 
inches stroke. The air and gas used in mixtures were both 
measured by a gas metre, and it was found that when the 
volume of air used was 7.1 times that of the gas, the best 
indicated results were obtained. The diagram taken during 
the 19th test is shown in Fig. 66, with the linear dimensions 
reduced to one half their original value. During this test 
it was found that : 

Vol. air ^ ^^ . Weight of air i « ^o 

.^ = 6.63 ; f ' — = Id.bS. 

Vol. ga8 Weight of gas 

About one haL the heat of explosion was carried away by 
the water jacket. The temperatures were computed by 
means of equation (2), the volumes and pressures being 



• PhU. Mag., 1884, (2). 65. 

t Qraduatum TfietU at Stewtu Irutitute cf Technology, 1888 ; Van 
Nostrand's EngineeTing MagaHne, 1884, Feb., pp. 90-104. 
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measured from the indicator diagram. The specific heats 
of the mixture were computed to be 

Cp = 0.268 ; Cy = 0.196 ; .'.y = 1.37. 

The complete combustion of the gas, determined from its 
chemical composition, gave 9070 calories per kilog., or 
617.5 B. T. U. per cubic foot. From 23.5 to 25.6 cubic 
feet of this gas were used per indicated horse-power. 

The mean effective pressure was about 58 pounds per 
square inch per stroke of the explosion ; and if there was 
an explosion for every f ourtli stroke the average pressure 
was 14^ lbs. for every stroke. The average number of 
revolutions was nearly 155 per minute. 

Temperature of the exhaust gases, from 720° F. to 778° F., 
as determined by a pyrometer. 

The indicated efficiency was 18 per cent of the total heat 
of combustion of the gas, i.nd the effectual efficiency for tlie 
plant, as determined by a brake, was 14^ per cent. 

The experiments upon the " Otto," of various sizes and in 
distant parts of the world, have been numerous, giving 
efficiencies of 15, 16, 17, and 18 per cent. 

From these results it will be seen that the explosive gas- 
engine gives the highest indicated efficiency for the plant 
of any system thus far considered. For intermittent work 
and cost of attendance, it has an advantage over the steam- 
engine. On the other hand, the engines are much larger for 
the same power, and are thus objectionable for very large 
powers, and the cost of fuel for steady running is greater, 
since a heat unit in the form of gas costs considerably more 
in the market than a heat unit in the form of coal. Cir- 
cumstances must decide what class of engines is most econ- 
noraical for a particular case. 

The following is an analysis by Professor T. B. Stillman. of Stevens 
Institute, of the gas used by Messrs. Brooks and Stewart The gas 
was taken from the mains supplied by the Hoboken Gas Company : 



[184.] EXPERIMENTAL RESULTS. 261 

By volume. 

H Hydrogen 895 

C H« Marsh gas 878 

N Nitrogen 082 

• CiH«, Average. . . .Heavy hydrocarbons 066 

CO Carbonic oxide 048 

O Ox3'gen 014 

H,0,,C0,.H»8, &c.. Impurities, &c 027 

1.000 
By weight its composition is found to be : 



Cn. 




Benii. 


Kilos, per 


W'tp. 


metre* 


. 


ties.* 


CQ. m. 


irnlt 


H .895 


X 


.087 


= .085 


.058 


CH4 .878 


X 


.694 


= .258 


.426 


N .082 


X 


1.215 


= .099 


.168 


C.H., Av'e .066 


X 


1.84 


= .121 


.200 


CO .048 


X 


1.215 


= .052 


.086 


.014 


X 


1.888 


rr .019 


.081 


H.O„&c. .027 


X 


-.8 


= .022 


.086 



1.000 X .606 - .606 1.000 

Hbatino Power of the Gas. 

Upon complete combustion the gas develops heat per cubic metre, as 

follows : 

Calories. Calories. 

fromH 29060 X .085 = 1020 

" CH4 11710 X .258 = 8020 

" C.H.,&c. 11000 X .121 = 1880 

" CO 2400 X .052 = 125 



per cu. m. 5495c. 

6495 
and per kilog. gas ^^ = 9070 calories. 

Expressed in British measures, one cubic foot of gas develops 617.5 
heat units. 

am nxce88abt for complbtb cokbu8tion and the products of 
Combustion. 

In order to determine the amount of air to be supplied for complete 

* 8ch5ttler: Die Oamnaaehine, p. 77. By "density" is meant the 
weight of one cubic metre in kilogrammes. As will be seen from the 
above, one cubic metre of the gas in question weighs 0.606 kilos. 
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combustion, it is cecessaiy to ascertain the quantity of oxygen that is 
taken into chemical combination by the several combustible constitueots 
of the gas. 

2H + O = H,0 
by volume 2+ 1=2 
by weight 2 + 16 = 18 

CH4 + 40 = CO. + 2H,0 
by volume 2+4=2 + * 
by weight 16 + 64 =r 44 4-86 

C.H. + 90 = SCO, + 8H,0 
by volume 2 + 9 =6 +6 
by weight 42 + 144 = 182 +54 

CO + O =C0, 
by volume 2 + 1 =2 
by weight 28 + 16 =44 

The combining proportions per unit of the several constituents is : 

By volume — 

IH +i0 =1H,0 
ICH4 + 20 = ICO, + 2H,0 
IC.H. + 4*0 = SCO. + 8H.0 
ICO + iO = ICO, 

By weight — 

IH +80 = 9H,0 

ICH4 +40 =VCO. + ||H,0 
IC.H. + VO = ^KJO, + ?H,0 
ICO +40 =V^CO, 

The volume of oxygen required for the combustion of 1 volume of 
gas is : 

H .895 X i = .197 

CH4 .878 X 2 = .746 

CiH. .066 X 4i = .297 

CO .048 X i = .022 

1.262 
less O in gas .014 014 

1.248 

Taking oxygen as 21 per cent in atmospheric air, the volume of air re- 
quired is 

1 248 

—^ — = 5.94 per volume gas, 
.«1 

or the entire volume is 6.94 times the volume of gas. 
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Since air weighs 1.351 kilos, per cu. metre, the ratio by weight is 

5.94 X 1 251 ^o *.^ . . 
— fx".606- = ^^-^^*'^«*^^- 

From the combustion of 1 unit weight of gas with 12.26 air there re- 
sults 13 26 units weight of a mixture the composition of which will be : 

( (CHO 426 XV = 1.171) . 

CO, -^(C.H.) 200 x¥= .629 ^ 1.98 

((CO)... 086xV-= .186) 

Uto\ (CH/)'. 
( (C.H.) 



058 X 9= .622) 

426 X }= .958V 1.74 

•) 200X ^= .257) 

from the air — 9.407) ^ ►„ 

ingasitself 1681" ^'^^ 

Impurities in gas 0.08 



"I 



18.27 
Per unit weight of mixture the composition will be : 

CO, .146 

H,0 181 

N 721 

Impurities 002 

1.000 

The volume which 18.27 kilos, of products of combustion will occupy 
is found from the known volumes of the constituent gases as follows : 

GO, m. per 

kilos. kilo. ca. m. 

CO, 1.98 X .524 = 1.011 

H,0 1.74 X 1.28 = 2.227 

N 9.57 X .828 = 7.876 

Impurities .08 X ~.9 = .027 

11.141 

The products of combustion then occupy 11.141 cu. m. to every kilog. 
of gas. To find the ratio per cu. metre of gas we have simply to multi- 
ply by .606 the number of kilos, in a cubic metre, and we get 6.751 as 
the result Ajb there is necessary 6.94 cu. m. of mixture of air and gas 
to every cu. m. gas, it is seen Uiat by combustion a contraction of 2.7 
per cent takes place. 

When there is an excess of air present, as is always the case in prac- 
tice, the contraction becomes less in proportion, and may be considered 
to be about 2 per cent. In the following thermodynamic computations 
no account is taken of this contraction. 
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Specific Hbats akd their Ratio. 

The specific heats of the products of combustion are determiued from 
the specific heats of the several component gases as follows : 
Specific heat at constant pressure (water = 1). 

(.2169X .146(00.) =.08171 

.4805 X .131 (H,0) = .0829 I 0710 

.2438 X .721 (N) = .1758 f '^^^ 

~.4 X .002 (impurities) = .0008 J 

Specific heat at constant volume (water 1). 

(. 1714 X. 146 (CO,) = .0250 1 

.8694 X .131 (HtO) = .0484 I .go, 

.1727 X .721 (N) = .1245 f-^*^ 

-.8 X .002 (impurities) = .0006 J 

The ratio of these specific heats is the exponent of adiabatic expansion. 

and is found to be : 

^p _ .2712 __ 

^"ur- "1985 - ^•^• 

Since there is always an excess of air present, these values will be 

somewhat modified by that fact. From the metre records of test 19 the 

ratio of air to gas by volume was found to be 6.68 to 1 ; by weight the , 

ratio is 

6.68X1.251 ^_.^3^^^ I 



1 X .606 '■ • I 

Since for complete combustion only 12.26 parts of air by weight are I 

needed, there are 1.42 parts in excess. The specific heats of air being | 

Cp = .2875 and Cr = .1684, the efi^ect of the excess of air will be to , 
reduce the specific heat slightly. 

^ (.2712 X 18.26) + (.287 5 X 1.42) ^^ 
^^ = liM = -^ 

^ (.1985 X 18.26) + (.1684 X 1.42 ) ,„ 

Cy = ^^^ = .196 

Cp _ .268 _ 
^ - "C7 " 196 " ^'^^ 

EXERCISES. 

1. Required the horse-power and efficiency of a gas-en- 
gine whose cylinder is SJ inches diameter, stroke 14 
inches, revolutions 160 per minute, charge every fourth 
stroke, combustion chamber 0.38 of the volume of the cylin- 
der, heat of combustion of one pound of the gas 1632d 
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B. T. U., volume of working air 7 times that of the gas, 
weight of gas say y<y of that of the air, efficiency of the 
furnace 0.60 of the theoretical, y = 1.38. (These are 
approximately the conditions of the engine and test in 
Brooks and Stewart's experiments.) 

We find- 
Area of the piston, sq. in = 56.76. 

Piston displacement per stroke, cu. ft = 0.46. 

Vol. of air taken in each fourth stroke, J of 0.46 = 0.402. 

Pounds of air for each charge 0.402 X 0.08 = 0.032. 

Pounds of gas for 80 charges.. .^V X 0.032 X 80 = 0.150. 
Work per lb. gas, eq. (257), ft.-lbs 0.60 X 778 

X 16326 [1 - 0.380W] = 2344970. 

IHP. for the 0.15 lbs. gas ^^^!!?^^ ^'^^ = 10.6. 

^ 33000 

Indicated efficiency, (258) E= 0.185. 

If m = 0.55 we would have : — 

Indicated HP. for 0.15 lb. gas = 9.7. 

Indicated efficiency E = 0.169. 

These last results agree very nearly with the measured re- 
sults of Brooks and Stewart — ^the horse-power being the 
same and the efficiency about one per cent less than their 
best result. 

2. Required the horse-power, efficiency, pounds of air and 
of gas per minute, of a gas-engine having a 10-inch cylin- 
der, 16-inch stroke, making 150 revolutions per minute, 
charge every fourtli stroke, combustion chamber 0.4 of the 
volume of the whole cylinder, heat of combustion of one 
pound of the gas 18000 B. T. U., volume of working air 
6^ times that of the gas, weight of the gas 0.55 that of an 
equal volume of air, 12^ cubic feet of air to weigh a. pound, 
efficiency of furnace, 0.50, and y = 1.4. 
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THE PETROLEUM ENGINE. 

135. Naphtha Engine. In petrolenm engines, the 
working fluid is either petroleum, or some of its products. 
Brayton's petroleum engine was a modification of that in- 
ventor's gas-engine. The products of combustion entered 
the cylinder, and in this respect was similar to the gas- 
engine ; but combustion was gradual, the indicator diagram 
showing that it was made at nearly constant pressure up to 
the point of cut-off. Mr. Clerk concludes from his ex- 
periments with a 5 HP, engine that it utilizes about 6 per 
cent of the heat of the petroleum. Professor Thurston, 
from an experiment with one of these engines, concluded 
that 32.06 cubic feet of gas were consumed per IHP. ; 
but Mr. Clerk concludes that the same experiment shows a 
consumption of 55.2 cu. ft, per IHP. per hour. (The 
Gas Engine J p. 158.) 

We will consider only a recent form, called the Naphtha 
Engine, of w;hich Fig. 67 is an external view. In this en- 
gine the products of combustion do not enter the cylinder, 
but the same ' substance is used for the fuel and working 
fluid. A small plunger pump near 2), but not shown in the 
figure, worked by the engine, forces some liquid naphtha 
into the boiler F at each revolution, a part of which is 
conducted from the boiler down the tube H to the combus- 
tion chamber, or furnace, below the valve chest A^ and is 
there burned. At E is an opening into the tube H through 
which air may be forced to increase the rate of combustion. 
The heat of the burning naphtha vaporizes that remaining 
in the boiler, and the vapor thus generated is used in the 
engine in precisely the same manner as if it were steam ; 
and the law of its action in the engine is precisely the 
same as steam, as may be inferred from Fig. 68, which is a 
copy of an indicator diagram taken by Doty and Beyer, 
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Fig. 07. 



in the experiments referred to be- 
low. The ratio of expansion, as here 
shown, is about 2, but it may be 
varied at pleasure. The drop, when 
the exhaust opens at the end of the 
stroke, is sudden, and the back pres- 
sure and compression lines are good. 
The depression of the steam line, 
showing initial expansion, is prob- 
ably due to the setting of the valve, 
since the diagram from one of the 
cylinders was free from this de- 
fect. 

If the diagram be freed of its irregularities and of 
compression, it would be analyzed precisely like the steam- 
engine, and the solution in Articles 110, 111, and 112 would 
be applicable. Probably Article 110 represents the case 
more nearly, since the cylinders are 
very near the boiler, and receive heat 
continually from it But the analysis 
cannot be carried out numerically, since 
the physical properties of Naphtha are 
not sufficiently well known. The latent 
heat of evaporation at varying pressures is not known, 
nor the value of R in the equation p v =^ R r — if 
indeed it is constant for the vapor. We will, however, 
after giving tlie results of some experiments, make an ap- 
proximate solution. 

136. Experiments* Messrs. Doty and Beyer made 
experiments upon a naphtha engine, of which the following 
is a summary of their report :* 

Three single-acting trunk engines were connected to the 




Fig. es. 



* Graduation Thetu of Paul Doty and Richard Beyer, Stevens Institute 
of Technology, Hoboken, 1888. The Jivn Age, July, 188a 



HEAT ENGINES. [136.] 

crank abaft, the cranke making sncceBsive angles of 120^ 
with each other. The lower ends of the coils constituting 
the boiler wei'e connected with the pump, and the upper 
ends entered a common chamber. 

Diameter of cylinders, each 8^ indies. 

Stroke of pistons, each 4^ *' 

Piston displacement, each 87i cu. in. 

Admission ports, each A x 2rfis inches. 

Exhaust ports, each iV x 2^6 

Diameter of pump li " 

Stroke of pump 1| " 

Travel of main valves, each f " 

Clearance of cylinders, each 1.86 cu. in. 

or 5i per cent of piston displacement. 
Boiler, seven spirals of four coils each. 

Coils, copper tubing outside diam I " 

Height and diameter of coils, each 12 " 

Burner bad 26 openings, diam. of each iV 

Heating surface 12 sq. ft. 

RESULTS. 

Average revolutions per minute, number 280.7. 

Total Indicated HP. from the three cylinders 2.81. 

Mean effective pressure, lbs. per sq. in., about 85. 

Naphtha burned per IHP. per hour, lbs 3.53. 

Price of naphtha, June 5th, cents per gallon 10. 

Cost per IHP. per hour, cents 6.2. 

Heating surface, square feet per IHP 4.8. 

Water used to condense the exhaust naphtha, lbs. per IHP. per 

hour :.. 25594. 

Increase of temperature of condensing water, degrees F 3.9. 

Naphtha passing through condenser per hour, lbs 421. 

Temperature of the stack, degrees F., about 685. 

Specific gravity of the naphtha, that of water being unity 0.688. 

One gallon weighed, pounds 5.69. 

Assuming that the vapor was saturated, three elements of 

this data give, for 

the latent heat of evapor^ation = — '— = 237 

thermal units, at atmospheric pressure. 
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In order to determine the relation between the tempera- 
ture and pressure of saturated vapor, these experimenters 
devised a special thermometer with which they determined 
the temperature of the vapor in the steam chest, and at the 
same time determined the pressure by means of a pressure 
gauge. These measurements gave 

for 35 lbs. gauge pressure a temp, of 226° F. ; 
(( 47 u a u (( (( (( 242° F * 

« 60 " " " " " " 258° F. 

Substituting in equation (80), page 97, these values of p 
reduced to their equivalent in pounds per square foot, and 
the corresponding temperatures reduced to the absolute 
scale, and finding the values of Ay B, C, we have 

loffp = 6.4618 - «?M _ i25784 . ^^^^^ 

T T 

in which 

log B z= 2.949092 ; log C = 5.796469. 

Making jp = 2116.2 this formula gives r = 602.62° or T 
= 141.96° F. Naphtha has not a fixed boiling point. In 
an experiment it began to boil at 60° C, and as the more 
volatile parts passed oflE, the temperature gradually in- 
creased, and, in the course of twenty minutes, it raised to 
68° C, giving a mean of 64° C. = 147° F. The value 
found by the formula agrees, approximately, with the lower 
observed temperature, 60° C. = 140° F. 

To find the volume of one pound of the saturated vapor 
of naphtha at atmospheric pressure, we have, from equation 
(84), page 98, 

.. = 0.0234 + ^J^ = 7.69 cu. ft., 

in which 0.0234 is the value assigned for one pound of 
liquid naphtha at 60° F. 
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It was f oand that the naphtha, exposed to an atmospheric 
pressure of 29.982 inches, at a temperature of 70° F., 
evaporated at the rate of 0.092094 lbs. per square foot jxjr 
hour. 

Some of the values found by these experimenters differ 
largely from those given by others. Thus, the boiling point, 
as found by them, is between 116° F. and 167° F., but Box 
On Heat^ page 14, gives 306° F. on the authority of Urc. 
The latter must be an error. They found the latent heat of 
evaporation to be 237 ; while Box, page 18, gives 184 on 
the authority of Ure. If Ure^s figures were reversed, giving 
184° F. for the boiling point and 306 for the latent heat of 
vaporization, they would appear more rational ; still we can- 
not say what is correct. They give 0.683 for the specific 
gravity at 60° F., while Rankine, in Table II. of the Steam 
Engine^ gives 0.848 at 32° F. ; and both cannot be correct. 
The discrepancies may be due in part to the difference in 
the chemical composition of the different specimens. The 
relation between the pressure and volume, given in equation 
(259), is considered only approximate, not only on account 
of the heterogeneous character of the substance, but also be- 
cause it depends upon three experiments only, whereas there 
should be a larger range of experiments in order to test its 
accuracy and reliability. The results will, however, be sub- 
jects for comparison for future experimenters. 

137. Efficiency of the Naphtha Eng^ine. In 

the absence of a determination of the calorific power of the 
naphtha used in the above exi>eriment, we will assume that 
the heat of combustion is 22000 thermal units per pound, 
since its value would be 22274 if the composition were 

For, 

6 X 12 X 14644 = 1047168 
14 X 1 X 62032 = 868448 



86 )1915616( 22274. 
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There was consumed 3.53 pounds of naphtha per IHP. 
per hour, hence the indicated efficiency of the plant, includ- 
ing fuel, furnace, and engine, was 

^ - 3.53 X 22000 X 778 "" ^'^"^"^^ 

or nearly 3J per cent. It is a good 3 horse-power en- 
gine, that— including fuel, furnace, boiler and engine— 
yields this efficiency. If the particular naphtha used were 
richer in hydrogen tJian that assumed, or rather if its chemi- 
cal composition gave 23000 thermal units, the efficiency 
would be reduced to 3.1 per cent. 

The cost of running, 6.2 cents per IHP. per hour, is 
not a measure of the efficiency, but of the economy. A 
steam-engine, run by the waste fuel of a saw-mill, may cost 
nothing for fuel ; while the same engine run with anthracite 
coal may cost many dollars daily for this item, while as a 
heat engine the efficiency should be the same in the two 
cases. 

138. Efficiency of fluid. Any solution of this part 
of the problem will necessarily be approximate, since some 
of the data must be assumed ; and yet such a solution may 
give some idea of its probable efficiency, and hence of the 
efficiency of the furnace and boiler. Regnault found the 
specific heat of petroleum to be 0.434, and we will assume 
it to be the same for liquid naphtha. The latent heat of 
evaporation at atmospheric pressure is 237 B. T. U. per 
pound, as found above ; but the law of change with tem- 
perature and pressure is not known. As this value approxi- 
mates more nearly to that of acetic acid tlian any other sub- 
stance now before us (see Article 74 of Addenda), we 
will assume, although otherwise quite arbitrary, that 

h. = 237 - 0.1 T. (2G0) 

Let the initial temperature of the liquid be 58° F. ; the 
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initial absolute pressure in the cylinder 60 lbs., at which the 
temperature will be 248° F., Eq. (259) ; ratio of expansion, 
2 ; back pressure, 16 pounds ; and, in order to make as few 
other assumptions as possible, consider the law of expansion 
to be 

and since the ratio of expansion is small, this cannot lead to 
a large error. 
Then, 

^, = 60 X 144 = 8640 lbs. per sq. ft 

^•W. -' = a.8026 '^Z^Jil ^ nm = ^^«- (««» 

V 700 1^ 49000 / 

Eq. (172), v,= 2.18 X 2V = 2.66 cu. ft. (262) 

Eq. (177), U=^ 2.18 X 8»40 (10 - 8.85) - 2304 X 4.71 = 20242 



ft-lbs. per pound of naphtha per stroke, or 26.40 thermal 
units. 

The cut-off being one half, the weight of vapor in the 
three cylinders when lialf full will be 

?->< ?I:^__ = .01493 lbs. 

2 X 1728 X 2.18 

Hence per pound per revolution the work done will be 

20542 X 0.01493 = 307 foot-pounds. 

The mean work per revolution in the preceding experi- 
ment was 

^^^^^ X ^-^^ = 330 ft.-lbs. 

280.7 

which results agree sufficiently well when we consider that 
in the ideal diagram there is no compression or clearance. 
Mean effective pressure, theory, (176), 

p, = 60 (5 — 4.16) — 16 = 34.4 lbs. per sq. in. 
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Mean effective pressure from the experiment — 

p, = . Z^O {work per revoluti<m) ^ 35 ^ j^,^ .^^ 

■*^tJ'^^ {piston displacement) 

which is a very fair agreement under the circumstances. 

(The mean effective pressure is not the work per pound dirlded by the 
difference in the volumes of the pound at the ends of the stroke, as it 
is in those engines working a constant mass of fluid, for here the mass 
of working fluid is variable.) 

The heat supplied per pound will be, in thermal units, 
equations (93) and (260), 

A = (?(r,-7;) +Ae 
= 0.434 X 181 + 237 - 24 = 291. (264) 

Efficiency of fluid, (263), (264)— 

^^ = 0.0907, 
291 ' 

wliich we will call nine per cent. 
Efficiency of furnace — 

^:23?=o.36, 
0.09 ' 

or 36 per cent ; that is, 36 per cent of the theoretical heat of 
combustion of the naphtha, as detennined by its chemical 
composition, is utilized bj the boiler. This is a good result 
for so small a boiler. 

139« Remarks. In the design of this engine about 
four square feet of heating surface per horse-power was 
allowed. This is about one fourth of what would be al- 
lowed in the design of a steam boiler. In the former 
engine the boiler is completely filled with the flame of the 
burning fluid, and thus is made quite eflicient. 

The naphtha engine has met with much favor for propel- 
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ling steam launches and yachts. Their great compactness is 
apparent from the preceding report ; pressure is raised very 
quickly not only on account of the low boiling point of 
naphtha, but especially on account of its very volatile and 
highly inflammable character when used for fuel. As soon • 
as the supply is cut off, the flame ceases, and no vapor is left 
in the boiler to be blown off or cooled down, as in the steam- 
engine. As a fuel it is more conveniently stored in pipes 
and vessels in the lower part of the boat than coal can be. 
It appears to be quite as efficient as a steam plant of this 
power— if not more so. But every power has disadvan- 
tages ; and this is objectionable for general purposes on ac- 
count of the very volatile and inflammable character of 
the fluid, endangering as it might all combustible material in 
its vicinity, and becoming more dangerous the greater the 
quantity stored ; still it is esj)ecially adapted to launches. 

140. Ammonia engines are those in which am- 
monia vapor is used instead of steam. These engines are 
condensing— a condition which is rendered necessary on ac- 
count of the nature of the substance. Aqua-ammonia is in- 
troduced into the boiler ; vapor is generated in precisely the 
same manner as steam, and, after it is used in the engine, it 
is condensed and pumped back into the boiler, thus using it 
over and over. 

Much interest has recently been excited in these engines 
from the fact that ammonia has been substituted for steam, 
using the same boiler and engine, and doing, it is claimed, 
the same work with less fuel. It is asserted by some writers 
that the science of Therrnodynamics teaches that the effi- 
ciency of an engine is independent of the nature of the work- 
ing fluid when used between the same limits of temperature; 
and, hence, the above fact leads such to look with suspicion, 
upon the correctness of this part of the science. The fact 
is, the bove statement is correct in only one very restricted 
case, and that case is never realized in practice ; we will, 
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therefore, state distinctly some of the principles established 
by this science, bearing upon this part of the subject. 

The efficiency of an engine is independent of the jhiid 
vsed when worked hetween the same limits of absolute tem- 
perature^ PROVIDED ALL THE HEAT RECEIVED IS AT ONE TEM- 
PERATURE AND ALL THAT IS REJECTED IS AT ONE LOWER TEM- 
PERATURE, the mass of Jl/uid in the engine being constant. 
(See p. 161.) 

If the substance could be worked in this way, steam, am- 
monia, alcohol, &c., would be equally eflScient. The fact 
that there is a latent heat of evaporation of the substance 
would not affect the truth of the statement. If water could 
be worked according to this law, beginning with a tempera- 
ture of 60° F., evaporated at 250'' F., and raised to 300° F., 
the efficiency would I)e the same as if the substance were a 

perfect gas, or 

300-60 ^Q3^^ 

300 + 460 

This will be proved for a vapor in the Addenda, Article 
112, from which it may readily be inferred to be true for 
the more general proposition. 

This gives the absolute maximum efficiency of any heat 
engine. 

But no engine works according to this law. In practical 
vapor engines^ the mxiss of working f/uid is variable. In 
such engines, it has been shown on page 193, £q. (o), that the 
effective work and the efficiency both depend upon the 
latent heat of evaporation and the specific heat of the sub- 
stance ; hence— 

In practice^ the efficiency of aU vapor engines depends 
upon the nature of the working fluids and involves both the 
latent heat of evaporation and the specific heat. 

In a more complete theory of the vapor engine, involving 
incomplete expansion, the mean specific heat of the fluid 
and the latent heats of evaporation at the lower and higher 
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temperatures are involved in such a complex manner as to 
require a knowledge of their numerical values in order to 
determine whether, theoretically, one fluid will yield a 
higher efBciency than another. 

Affaifij this science does not teach that the efSciency is 
independent of the working fluid when worked between the 
same limits of pressure. 

To illustrate this principle, observe that in Articles 110 
and 111, the work, equations (167) and (177), is expressed 
in terms of pressure only ; hence, if the same pressures can 
be obtained at lower temperatures, there may be a gain of 
efficiency. 

Saturated steam at 100 lbs. per sq. in. has a temp, of 327° F. 

a it a ]^f* u u u u u a a a 216° F. 

Dif. Tir 

Saturated ammonia vapor at 100 lbs. per sq. in. lias a 
temp, of 57° F. 

Saturated ammonia vapor at 16 lbs. per sq. in. has a 
temp.' of — 23*' F. 

Dif. "80° 

The heat expended per pound of vapor above the lower 
temperature will be 
for steam, Eq. (184), 

H = lllJ+B.; 
and for ammonia 

H = SOC+B.. 

If the indicated work, Z7, is the same in both cases, since 
//e is less for ammonia than for water and C also less than 
«7, the efficiency of fluid will be greater for the former than 
the latter. 

Again, the formula for maodmum efficiencyy -^ ^ is 
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applicable ordy to a constant mass of fluid when working in 
the engine / and is not^ in any sense^ applicable to the plant 

The efficiency of the boiler and steam connections de- 
pends npon the absorption of heat by the fluid, radiation 
from the furnace, and radiation from the connections. It will 
be seen from the preceding remarks that a given pressure 
may be produced with ammonia at a much lower temperature 
than with steam. Such being the fact, a lower temperature 
may be maintained in the furnace, boiler, and connections, 
and hence less heat would be lost by radiation. Our knowl- 
edge of ammonia does not enable one to determine whether 
it would absorb more heat in the same time than would 
water; if it would, the per cent of heat escaping up the 
chimney would be less, and the direct efficiency of the 
boiler thus increased. Admitting that an ammonia plant is 
more efficient than a steam plant, we see that this science 
explains the cause. But, 

Again^ this science teaches that a condensing engine is 
more efficient than a non-condensing one^ other conditions 
being the same. 

in the cases above cited that have come to the knowledge 
of the author, where the ammonia plant proved superior to 
• the steam plant, the steam-engines were non-condensing, 
while the ammonia engines which replaced them were con- 
densing. Had the original steam-engines been changed to 
condensing engines there would have been an increase of 
efficiency ; but a want of knowledge of certain physical 
constants of ammonia prevent this science from determin- 
ing with certainty whether the efficiency would have been 
still further increased by substituting it for steam. 

If the interest on the cost of a plant and the cost for re- 
pairs be considered, a small plant involving a condens- 
ing engine may not be as economical as with a non- 
condensing one, although the former may be the more 
e;fficient 
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Many conditions are involved in the choice of the work- 
ing fluid, aside from its thermodynamic relations: as the 
first cost, its effect on the working parts, its safety or 
danger to life, and the character of the necessary mechanism. 

141. A binary vapor-engine is worked by means 
of two fluids, one more volatile than the other, the fluids 
being worked in separate cylinders. If a surface condenser 
of a steam-engine be cooled by ether, the ether may be 
vaporized by the heat given up by the steam, and made to 
work a vapor-engine in precisely the same manner as steam 
drives a steam-engine. The exhausted vapor of the vapor- 
engine may be passed through a surface condenser cooled by 
water, and pumped in its ■ cooled condiAon into the con- 
denser of the steam-engine, when the former operation may 
be repeated. 

A binary-engine is, theoretically, no more efficient than a 
properly designed steam-engine consuming the same amount 
of heat, and practically is not as economical on account 
of unavoidable waste and extra cost of the mechanism. But 
a steam-engine wasteful of heat may be improved by the 
addition of an ether-engine. {Manuel du Conducteur des 
Ma^hine^ d Yapeura cotmihin^eH^ M. du Turabley, Lyons, 
1850-51 ; Institution of Civil En>gineers^ February, 1859.) 

143. The products of combustion sometimes 
form tJie working fluid. In these engines the entire prod- 
ucts of combustion enter the cylinder. The principle of 
their analysis is similar to the Ericsson's hot-air engine. 
One of the most serious objections to this class of engines 
is the fact that the solid parts of the working fluid, dust 
and grit, wear out the working parts, with which they come 
in contact, rapidly. A recent attempt has been made by 
MM. Bermier Brothers, Paris, to overcome this objection, 
but as yet their engine is only an experiment. {Scientific 
American Sv]>plement^ 1889, p. 11099.) 
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THE STEAM-INJECTOR. 

143. The livlector is a device for feeding steam 
boilers, in which steam is taken from the boiler, and, by 
passing through the instrument, takes water with it, carrying 
the water and condensed steam in a steady stream. back 
into the boiler. Fig. 69 shows an improved form of one of 
this class of instruments. A valve W is secured to the rod 
B, and has its seat on another valve X. J. is a tube con- 
taining these valves, and the passage of steam through the 




tube is controlled by the valve X. A hollow spindle, be- 
ginning with W and terminating at C, passes through the 
valve X^ and may be moved, independently of the latter, 
for a short distance, by means of the lever ZT, thus admitting 
steam to the spindle without moving the valve JT, but a 
furtlier movement of the lever will unseat the latter valve. 
The chamber J/ J/ contains a piston JfJV, which terminates 
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in a gradually contracting nozzle at a point (?, just l)eyond 
C. By a slight movement of the handle //, steam issues 
from the orifice (7, and a partial vacuum \vill be formed in 
NN^ into which water will be forced by outside pressure, 
and then forced through the delivery tube jD, and at first es- 
cape through the waste orifice P, and as soon as a solid stream 
escapes, a further movement of the lever // closes the orifice 
P by the valve K^ and opens the valve JT, and a continuous 
flow of water will then pass the check-valve into the boiler. 
If too much water passes C some will enter the chamber 
O and force the piston N N back, thus throttling the water, 
and if sufScient water is not admitted the reduced pressure 
at will cause the valve to move forward and permit more 
water to flow in. 

144. Theory of the steam-injector. 

Let TT, = the weight of water required of the injector 
per unit of time, 

IF = weight of steam required to force TT, into the 
boiler. The heat in the steam above that of the feed- water 
when forced into the boiler will be, in ordinary heat units, 
considering the specific heat of the water as uniform and 
equal to unity, equation (134), 

TrA = [(r. -T.)+a^Ae] TT, (265) 

and this will be the heat lost by this amount of steam in the 
injector and which is assumed to be imparted to the feed- 
water. 

The heat imparted to the water, above that in the reser- 
voir from which it is taken, will be 

(r. - r,) TT., (266) 

where 

r^ = the absolute temperature of the feed-water in the tank, 
r, =: the absolute temperature of the water just after it has 

passed the injector, 
r^ = the absolute temperature of the steam in the boiler. 
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It will be shown hereafter that the work of lifting the 
water from the reservoir to the injector and of forcing it 
into the boiler together require only a small fractional part 
of the heat energy lost by the steam in having its tempera- 
ture lowered from that of the boiler to that of the mixture 
of steam and water ; and, neglecting these two elements, 
expressions (265) and (266) become equal, giving, in terms 
of ordinary scales of temperature. 

For our present purpose it will be sufficiently accurate to 
assume that the steam supplied to the injector is pure satu- 
rated steam, or a? = 1, and that equation (77) is suflScieutly 
exact, or 

K = 1114.4 - 0.7 t;. 

To find the velocity of the water in the passage 6^, Fig. 
70, let 

p = the absolute pressure per unit in the boiler, 

p^ = '* " " " " of the atmosphere, 

F= the velocity of the water, 

6 = weight of unity of volume of the water = 62.4 per 
cubic foot at ordinary temperatures, 

then 

V^\^ ^g P-=J^. (268) 

The value of ^ may be found with suflScient accuracy by 
means of the formula at the foot of page 102, thus 

(J = A = \ , (269) 

^•^^^500 + —) 

which, for 150° F., or 610° absolute, gives d = 61.2 
pounds, and this value might properly be used in equation 
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(268), but 88 62.4 pouuds, the weight at ordinary tempera- 
tures, will not produce an error of 1 per cent in the veloc- 
ity, and as by its use the resulting formula will be more 
generally applicable to ordinary cases, we retain the latter. 
Just after entering the chamber 6r, the water will be under 
atmospheric pressure, and /?, = 2116.2 pounds per square 
foot, and 2 ^ = 64.4. With these values, equation (268) 
reduces to 

(270) 



V = 1.0158 Vjj- 2116.2 ft. per sec. 
If ^ be in poimds per square inch. 



F= 12.1896 Vp - 14.7 ft. per sec. 
If ^ be in atmospheres. 



(271) 



r = 46.7355 ♦'' 



j> — i it. per sec. (272) 

If the diameter of the suction pipe i^be n times that of 
the passage £^, the velocity in it will be 

F 



r.= 



(273) 




To find tJie area of the opening E 
for the passage of the water; con- 
sider that the steam passing through 
the injector will have been con- 
densed tx) liquid water, then will the 
volume of the water and condensed 
steam passing the opening per sec- 
ond be 0.016 ( F + F.) cubic feet, 



and if k be the area of this section, then 



, _ 0.016 (Tr+ TTJ 

K — y 



The diameter will be 



rf= 2/F. 



(274) 
(275) 
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Tojiiid the velocity oftJie steam iesuing from the end of 
the passage (7, it will be necessary to find the pressure in 
the condensing chamber. Let 

p^ be the pressure in the condensing chamber 2?, 

/>„ the pressure of the atmosphere on the water in the 
tank B, 
h =1 C By the height of the condenser above the water in 
the tank, 

F„ the velocity of the water at F^ entering the condens- 
ing chamber, 

then 

V: = 2g\_Pl^-h'\, (276) 

in which h is negative because the water is raised instead of 
being a positive head. From this may be found 

p^=p^-6h-^\ (277) 

The velocity' of the steam F", will be given by the general 
equation for F, following equation (62), page 82, and after 
substituting for r, and r, their values in terms of p and t?, 
becomes 

in which y has the value in equation (148), page 152. If 
the steam contains no moisture, this becomes 

r, = 23.2687 \^pv\\^ (^) ''*"*]. (279) 

The area of the cross-eection at C will be 



Volume of stsam,per see. 
and the diameter will be 



jP __ y oiume oj srsam, per see. /'9fto\ 



d', = 2\^^. (28n 
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The work done ly ths injector will be that of forcing the 
mixture of steam and water against the boiler pressure p 
suflSciently far to make a displacement for Tr+ ^ pounds 
of water. Since the steam will be subjected, externally, to 
tlie atmosphere the resultant pressure against which the 
water is forced wiU be the gauge pressure, or ^ — - p^. 
Hence, if ^ be in pounds per square inch the work will be 

Z7 = 144 (p - ^.) ( TT + TT,) 0.016 ft. lbs. (282) 

The efficiency as a force-pump will be 

^ _ Work done V^ .^ 

Heat expended (r, — - r, -|- a; h^ W J' ^ ^ 

The efficiency of the plant. If 1 pound of coal is 
equivalent to q thermal units, and w pounds are required to 
generate W pounds of steam from the temperature of the 
feed-water, then 

J q w^ ^ ^ 

and if all the heat of the coal could be utilized for generat- 
ing steam and the steam were pure saturated, £' would be 
the same as ^. But there is always a waste of heat in the 
furnace and boiler. If the q thermal units would evaporate 
n pounds of water at and from 212^ F., if there were no 
waste of heat, and in an actual boiler a pound of coal did 
evaporate n^ pounds under the same condition? ; then if T^ 
be the temperature of the feed-water and H the total heat 
of steam at the temperature T^ of the boiler, tlien 

Tr(H - T,) = 966 n, «/7 = 96671 . ^ w=zqw^; (285) 

The value of n may be, theoi^tically, from 11 to 15, de- 
pending upon the composition of the coal, and ?i^ from 6 to 
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11, depending upon the composition of the coal and the effi- 
ciency of the furnace. 

The duty will be the work done per 100 pounds of coal, 
or, 



D = 100 X 144 X gauge preuure X 



Volume 




Povnd» 


oftoaier 




ofittedm 


injected 


X 


evapo- 


per lb, of 




rated per 


steam. 




lb. of coal. 



(287) 



Effect of reje^ing the work of rawing the water and, of 
forcing it into the hoiler in the above analysis. 

In the following exercise it will be seen that if the gauge 
pressure be 90 pounds per square inch, and other conditions 
as there given, there will be expended 

(331 — 120 + 794) X 0.05 = 50 

thermal units in supplying 0.833 pounds of water to the 
boiler. To raise this weight of water 20 feet by suction— 
a distance too large to be realized in practice — would re- 
quire 

0.833 X 20 -^ 778 = 0.02 

thermal units, which is only -^^^ of 50, and hence may be 
omitted in the computation. 

The work of forcing 0.833 pounds into the boiler will be, 
equation (282), in thermal units, 

C^ = 144 X 90 X 0.833 X 0.016 -^ 778 = 0.22, 

which is also so small compared with 50 that it may be 
omitted. The theory above given, in which these two 
items are omitted, is, then, sufficiently accurate for engi- 
neering purposes. 

EXERCISE. 

If the steam pressure in a boiler is 90 pounds gauge per 
square inch, height of suction 4 feet, and the boiler is re- 
quired to make 3000 pounds of steam per hour ; required 
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the area of the section k of the passage E for the water, the 
velocity of the steam F, at C, the diameter of the suction- 
pipe, its section, being 5 times that of the section k (which 
is an average of actual values), the steam containing 10 per 
cent of moisture, the feed-water in the tank being 60°, the 
temperature of the mixture of water and condensed steam 
120° before it is forced into the boiler ; also the ratio of the 
velocity of the steam to that of the water, and the weight 
of water to that of the steam. 

We have 

p = 104.7, ^ = 4, r, = 60% Tt = 130% « = 5. 
From steam table, or equation (81), page 97, find Ti = 330*.9 F. 

Wo = — = 0.883 lbs. per second. 
360U 

A, = 1114.4 - 0.7 X 830.9 = 882.6, Eq. (77). 

ari = 0.9 ; . • . a-, A = 794.34. 

W= » J\^ '"",?.???^?!! o. = 0.049821b8., Eq. (267). Call thU result 0.05. 
ool.lo — 1«0-|- 794. o4 

J- = 166. 
F = 12.1896 V§0 = 115.63 ft., vel of water at E and (?, Fig. 70, Eq. (271). 

^ ^ 0.016 (0.05 + 0.833) ^ 0.00122 sq. ft. = 0.017568 sq. in., Eq. (274). 

115.63 
d = 0.149 in., diameter pf water passage i^or O, £q. (275). 

p, = 2116.2 - 4 X 62.4 - ggj X 115.63 _ 18^2.12 lbs. per sq. ft. 
25 X 64.4 
= 12.931 lbs. per sq. in. at F, Eq. (277). 
V = 4.217, volume of one pound of steam at 104.7 lbs., Eq. (86). 

Vi = 28.2687 i/l04.7 X 144 X 4.217 fl - /.!|^|.^o.nii"j 

= 2572.3 ft per sec. velocity of the steam at C. Eq. (278). 

Fl = 4.22 X 0.05 X 144 -^ 2572.8 = 0.0110 sq. in.. Eq. (280). 

dx = 0.12, diameter of steam nosusle, Eq. (281). 
Vel ofH tenm _ 2572.3 _ 
Vel. qf' water " ilS^eS " 

No allowance has been made in this computation for contraction or 
frictional resistances, and hence the diameters must be made larger than 
here found in order to deliver the assumed amounts. The diameters 
should be about 1.1 to 1.2 times those here found. 
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r= 144 X 90 X (0.883 + 0.05) X 0.016 = 188.099 ft. lbs., Eq. 

= 0.285 thermal units. 



0.235 



. = 0.0046, Eq. (283), or the efficiency is less than one- 



E = 

1005 X 0.05 

half of one per cent. 

If 10 pounds of coal evaporates 1 pound of water at and from 212* 

F., it will require, under the conditions of this exercise, to evaporate 

0.05 pound of water, 

«, = 0J)A(1182,8^60) ^ ^ o^j ^^ Eq (285). 
966 X 10 » ^ \ ' 

If the coal be equivalent to imre carbon, it would evaporate, with- 
out loss of heat, 14500 -•- 966 = 15 lbs. at and from 212" F., and if one 
pound in the plant actuaUy would evaporate 10 lbs., then would the effi- 
ciency of the plant be 

183.099 10. 



JF'=- 



778 X 0.05 (1183 - 60) 15 
Duty = 1296000 X (16.6 X 0.016) X 10 



= 0.00418 X - = 0.00279, Eq. 
8 



3442176 ft. lbs.. Eq. (287). 



TABLE I. 

Giving certain relations when the deliysrt into the boiler is 
1 pound of water per second, neglecting lift and work op 
forcing the water into the boiler ; temperature of the 
feed- water being 60*^ f., and of the mixture and steam be- 
fore entering the boiler 160° f. 



Gftoge 


Diameter 
of Steam 
Nozzle in 


Diameter 
of Water 
Nozzle in 


Velocity 

of Steam, 

Ft. per 


Velocity 
of Steam 
and Water, 


Ratio of 
Velocities. 


Ratio of 
Weight of 
Water to 


Ratio of 
Volume of 


Prwsare. 


Inches 


Inches. 


Second. 


Ft. per 


Col. 


Steam. 


Steam to 




Eq. (s»l.) 


Eq. («7&.) 


Eq. (27».) 


Second. 
Eq. (271.) 


(4) -^ (5) 


Eq. (2Sr.) 


Water. 


80 


0.28 


0.21 


2007 9 


66.7 


30. 


10.3 


55.9 


40 


24 


0.20 


2178.8 


77.1 


28. 


10.3 


46.2 


50 


0.22 


0.19 


2213.5 


86.2 


25. 


111.4 


39.4 


60 


20 


0.18 


2428.8 


94.4 


25. 


10.5 


34.4 


70 


0.18 


0.178 


2522.3 


101.2 


25. 


10.5 


30.4 


80 


0.17 


0.172 


2554.1 


106.0 


24. 


10.5 


37.6 


90 


0.167 


0.166 


2590.6 


115.6 


22. 


10.5 


25.2 


100 


0.159 


0.160 


2785.8 


121.8 


22. 


10.5 


22.8 


120 


0.142 


0.154 


2842.7 


133.5 


21. 


10.6 


19.6 


140 


0.133 


0.149 


2922.3 


144.2 


20. 


10.6 


17.2 


160 


127 


0.143 


2999.7 


154.2 


19. 


10.6 


15.3 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 
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As the temperature 160"* F. of the mixture of steam and water is near 
the higher limit of rdinble working of the injector, we take another case 
of lower temperature. 

TABLj: II. 
Giving results fboh the 8amb data as for Table I , except 

THAT THE TEMPERATURE OF THE MIXTURE IS ASSUMED TO BE 
140* F. 



(}ange 
Pressure. 


Diameter 
of Steam 
Noszle in 
Inches. 
Eq (881.) 


Diameter 
of Water 
Nozzle in 
Inches. 
Eq (276) 


Velocity 
of Steam, 
Ft per 
Second. 
Bq. (279.) 


Velocity 
of Steam 
andWater, 
Ft. per 
Second. 
Eq. (271.) 


Ratio of 
Velocities. 

Col. 
(4) ••- (5). 


Ratio of 

Weight of 

Water to 

Steam. 

Kq.(a87.) 


Ratio of 

Volume of 

Steam to 

Water. 


80 

40 

50 

60 

70 

90 

100 

120 

140 

100 


.25 

.218 

.197 

.158 

.150 

.146 

.187 

.125 

.116 

.108 


.18 

.202 

.190 

.180 

.175 

.164 

.160 

.153 

.147 

.142 


2080 
2211 
2826 
2431 
2526 
2677 
2743 
2845 
2934 
3008 


66.7 

77.1 

86.2 

94.4 

101.2 

115.6 

121.9 

138 5 

144 2 

154.2 


80.4 
28.0 
27.0 
25.6 
24.9 
23.1 
22.5 
21.3 
20.3 
19.5 


18.31 
13.29 
18.29 
18.88 
14.52 
13.42 
18.60 
13.49 
18.53 
13 58 


44.2 
86.3 
31.1 
27.1 
22.0 
19.6 
17.7 
15.4 
13.5 
12.0 


0) 


(2) (8) 1 (4) 


(5) 


(6) 


(7) 


(8) 



145. Approximate Formulas. Certain general 
inferences will be apparent if we assume average condi- 
tions. 

Let T, = 60° F., T^ = 150° F., and x=l, then, equation 

(267), 



w 



90 



300 



If the gauge pressure be 80 pounds, then J\ = 323° F., 
and 

^•=11.79; 

that is, under ordinary conditions, 1 pound of steam will 
inject about 12 pounds of water into the boiler; or 13 
pounds, including its own weight. 
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For the diameter of the cylindrical water-passage, E^ 
equation (275), 

d = ^ ^ 12.1896 ^^=^j'^ (289) 

that is, the diameter will vary directly as the square root of 
the weight of water injected per second, and inversely as 
the fourth root of the gauge boiler pressure. 

The velocity of the steam, according to the preceding 
tables, will be about half a mile per second. 

The velocity of the water will be about 100 feet per sec- 
ond. 

The duty will be, if gauge pressure = 80, and 9 pounds 
of steam be generated per pound of coal, 

D = 1152000 X 12 X 0.016 X 9 nearly = 2000000 nearly. 

Since there will be some f rictional resistance and radiation, 
and since 9 pounds of water are rarely evaporated at 80 
pounds gauge, the duty would be somewhat less than 
2000000. 

EflSciency, equation (288), 

i:= ^^^^,^^?ll^^i^'^^^ = 0.00293, (300) 
778 X 1059 X 1 J \ J 

which is about -^^ of 1 per cent. The efficiency of the 
plant would be about -J- of 1 per cent as a pump. 

146, Iivfector compared with Direct-Acting 
Pamp. By comparing these results with those on page 
182 it will be seen that the efficiency and duty of the in- 
jector are much less than that of a direct-acting pimip — being 
about ^ as efficient. This is for service as a pump. But as 
a heat device, if there be no radiation nor lift of feed-water 
the effiaency of the injector will be perfect / similarly, if 
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all the exhaust heat from the direct-acting pump be re- 
turned to the boiler, and there be no radiation, the heat 
efficiency of the pump will also be perfect ; and hence in 
either case would cost nothing for fuel. In both cases the 
furnace (or boiler) heats the water from the temperature of 
the feed to that of the boiler. If there be no losses from 
radiation, the difference in the cost for fuel in running the 
two devices will be that which furnishes the steam for run- 
ning the pump for doing the same work, if this steam be 
wasted at the exhaust. To illustrate : the work done by 1 
pound of steam in the approximate cases above is that of 
forcing 13 pounds of water against 80 pounds pressure, 
and is 

f7 = 144 X 80 X 13 X 0.016 = 2396 ft. lbs. 

One pound of steam in the direct-acting pump will, at 
about 70 or 80 lbs. boiler pressure, do the actual work of 

10,000 foot-pounds ; 

hence, to do 2396 foot-pounds will require 

2396 -h 10000 = 0.24 lbs., nearly, 

of steam ; hence, it requires, in this case, about 24 hun- 
dredths as much steam to feed the boiler with a direct-act- 
ing pump as with an injector. But this steam is saved by 
the injector, and, we assume, is wasted by the pump. If 
1 pound of coal generate 8^ pounds of steam under a 
pressure of 80 lbs. gauge, this waste will require 0.24 ~- 8.5 
= 0.0282 pounds of coal for every 12 pounds of feed-water 
forced into the boiler. To evaporate this 12 pounds of 
water will require 12 ^ 8.5 = 1.41 pounds of coal; hence, 
the fractional part of the fuel required by the pump will be 

0.0282 -T- 1.41 = 0.02, 
or about 2 per cent of the fuel burned in the furnace. 
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Or, if the engine requires 30 pounds of feed-water per 
horse-power per hour, it will require 

0.0282 X t* = 0.0705 

pounds of coal to work the feed-pump per hour per horse- 
power ; and if the plant requires 3^ pounds of coal per horse- 
power per liour, then will the fractional part of the fuel re- 
quired by the feed-pump be 

or about 2 per cent of the fuel burned, as before found. 

The low efficiency of the injector, as a pump, is due to 
the fact that the high velocity of the steam is very suddenly 
reduced to a comparatively low one by its impact against 
the non-elastic water, and the kinetic energy lost by the 
steam will be as the difference of the squares of the velocity 
before impact and that after. 

Considering the velocity of the steam as 25 times that of 
the mixture, and the weight of the mixture as 13 times that 
of the steam, the kinetic energy of the mixture will be 

13 (,V)" = 0.0208 

of the initial energy of the steam ; or 98 per cent of the 
initial energy is lost by the change of velocity at E, The 
2 per cent remaining is gradually diminished on account 
of the decreasing velocity in the passage from C^ to F. 

The thermodynamic theory of the inspirator is the same 
as that of the injector. 

Steam-injectors are also used as pumps where intermit- 
tent action is required, as in the hold of a ship, and in 
mines ; also as ejector- condensers when attached to the 
escape-pipe of a condensing engine to avoid the use of an 
air-pump ; also as a gas-pump where it was more efficient 
than as a water-pump ; also as a steam-blower ; and also in 
the'well-*known case of the locomotive exhaust. 
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THE PULSOMETER. 

147. The Pulsometer is a pump consisting prin- 
cipally of two bottle-shaped chambers, -4,-4, joined together 
side by side, with tapering necks bent toward each other, 
uniting in one common upright passage, into which a small 

ball, C^ is fitted so as to osciUate 
with a slight rolling motion be- 
tween seats formed in the junc- 
tion. 

These chambers also connect bj 
means of openings with the verti- 
cal induction passage, D^ having 
valves, E^ E^ and their seats, F^ F. 
The delivery passage, 11^ which 
is common to both chambers, is 
also constructed so that in the 
openings that communicate with 
each cylinder are placed valve- 
seats fitted for the reception of the 
same style of valves, G^ G^ as in the induction passage. 

J represents the air chamber, cast with and between 
tlie necks of chambers -4, -4, and connects only with the in- 
duction passage below the valves E^ E. 

A small brass air check-valve is screwed into the neck of 
each chamber, -4,-4, and one into the vacuum chamber «/, 
so that their stems hang downward. Those in the chamber 
allow a small quantity of air to enter above the water, to 
prevent the steam from agitating it on its first entrance. 

Conceive that the left chamber is full of water ; steam 
passes to the left of the valve C^ and acting by its pressure 
directly upon the upper surface of the water, forces the 
water through the valve G and into the air chamber e/. 
During this operation the chamber A is being filled, and 
water by its momentum finally drives the valve C to the 
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left, thus cutting off steam communication with the left 
chamber in which the steam condenses, forming a vacuum, 
when water will be forced tlirough the valve E by at- 
mospheric pressure into the left chamber, while the steam 
is forcing the water out of the right chamber. All the 
steam entering the pump is condensed and forced out with 
the other water; and the temperature of the discharged 
water will be higher than that entering the pump. 

148. Analysis. The work done by the pulsometer 
will be that of lifting the water from the source to the 
pump by the operation usually called "suction," and of 
lifting this water and the condensed steam to the point of 
delivery — neglecting losses, such as friction, contractions, 
etc. 

Let 

TT, be the weight of water raised in a unit of time, 
TT, the weight of steam used in the same time, 
T„ the temperature of the water at the source, 
r„ " " " " mixture, 

r, " " « " steam, 

Ae, the latent heat of evapomtion of the steam, 
A„ the height of the pump above the source, 
A„ " " " " delivery above the pump, 
A, the total height = A, -j- ^i- 

Considering the specific heat of water as constant and 
equal to unity, the heat lost by the steam will oe 

and the heat gained by the water will be 

TT. (2'. - r.), 

and no allowance being made for radiation, these will be 
equal; 



THE PUL80MKTEB. [148.] 

•IT - 2,-2. ' ^^^^^ 

Obaerving the boiler pressure, and the temperature of the 
water before and after mixture, the ratio of the weight of 
the steam to that of the water may be determined. 

The work will be 

Cr= W.h. + {W. + W)h, (302) 

If the temperature of the feed-water be the same as that 
of the source, or T„ then will the heat expended be 

H = •/ W{T - r, + A.); (303) 

hence the eflSciency will be 

H - JW{T^ ^+Ae)- ^ ^ 

If the work of lifting the condensed steam and frictional 
resistances be neglected, then 

EXERCISES. 

1. By actual measurement 105000 gallons of water were 
raised in ten hours with 274 pounds of coal a height of 38 
feet, and drawn horizontally 600 feet. If 10 per cent be 
allowed for resistances, find the work done in ten hours, the 
weight of water raised per pound of coal and the horse- 
power ; and if a pound of coal evaporated 7i pounds of 
water, find the pounds of coal required per horse-power per 
hour, the weight of water raised per pound of steam, the 
increase of temperature of the water pumped, assuming its 
initial value to be 60° F., the gauge pressure 50 pounds, and 
the efficiency, the feed-water also being 60° F. 

If a gallon be 231 cubic inches, and a cubic foot l>e 62.2 
pounds, then 
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Weight of water, 106000 X ^Jt X 62.2 lbs. = 873000. 
Work for 10 hours, 873000 X 38 X 1.10 ft lbs. = 36491400. 

« " Ihour, 3649140. 

Horse-power, 1.84. 

Coal per horse-power per hour, lbs., . . • 14.8. 

Water raised per pound of coal, lbs., . . 3186. 

Pounds of steam, 274 X 7i, . . . . 2000. 

Water raised per pound of steam, lbs., . . 436.5. 

Work done per pound of steam, ft. lbs., . . 16687. 

Heat in the steam above 60^ F., B. T. U., . 1 137. 

Increased temp, of water, 1137 -5- 436.5, Deg. F., 2.6. 

Efficiency, 1^'^ ^ ^ , . . . 0.0187 

^' 1137 X 778 

Efficiency, Eq. (305), 0.0180 

or less than 2 per cent. (See page 452.) 

The assumption in regard to the evaporating power of 
the furnace would make the efficiency of the furnace 
about 56 per cent, making the efficiency of the entire plant 
over 1 per cent. 

Diameter of discharge pipe, if the coefficient of discharge 
be 0.8 and velocity 4 feet per second, 

, _ . /lOoOOO X tVs^ -h 36000 . , om 

A three-inch pipe was used. 

Pressure producing a velocity of 5 feet per minute 
against the atmosphere and a head of 38 feet of water, 
pounds per square inch 31 

2. If the temperature of the source be 60° F., of tlie 
mixture 65^ F., the gauge pressure 60 pounds, lift by suction 
5 feet and lift above the pump 15 feet ; required the number 
of pounds of water raised per pound of steam, the efficiency ; 
also the horse-power if 300 pounds of steam are used per 
hour. (These quantities are ideal.) 
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COMPRESSED AIR-ENGINE. 

149. A Compressed Air-Engine is an engine in 
whicli the working fluid is common air under a high tension. 
The air is usually compressed by a machine ciiUed an air- 
compressor, to a tension of from 40 to 1000 pounds to the 
square inch, and stored in an air reservoir, called a receiver, 
from which it is taken for driving an engine. Any ordinary 
steam-engine may be run by compressed air ; the only prac- 
tical difficulty being the tendency of the moisture in the air 
to freeze, and thus choke the exhaust. The freezing may 
be prevented by causing a circulation of warm air about the 
exhaust passage through channels especially provided ; and 
without this the evil may be mitigated in a measure by a 
proper form of the exhaust passage — ^gradually enlarging it 
as it goes outward — and making it smooth, so that the ice, if 
formed, will not adhere so firmly. 

150. Analysis. We assume that the cylinder is 
filled with air of uniform pressure and temperature up to 
the point of cut-off, that then it expands according to an 
assmned law, then exhausts and a uniform back pressure 
during the back stroke ; also that there is no clearance. The 

diagram cleared from irregularities and 
clearance will be similar io A B C E 
FA, Fig. 72. 
Let^, be the absolute pressure O A, 

p^y the absolute pressure // O at the 
end of expansion, 

^„ the absolute back pressure H E, 



A 




B 




F 




K ^"--^ 













( 


S 



FIG. 72. 



v^ the volume of a pound of air at the pressure jp„ 



(a) Adiahatic expansion — incomplete. 
per pound at full pressure will be 



The work done 



JP, V,. 
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The work done per pound during expansion will be, Ex- 
ercise 3, page 64, or the second equation in Article 56, . 

I pdv = —^ C^ I d r =:z Cy (t^ — r,). 

The negative work during the return stroke will be 

i>. ^. ; 

hence, in the cycle, the work done per pound will be 

U= AB OFF = C, (r, -~ r,) +p^ v, - p, v,. (306) 

Since the fluid is considered perfect, we have, equations 
(2) and (29), 

j},v, = Jir,= ((7p - Cy) r„ 
J>^v,= Rt^ = (C; - Cy) r, ; 

.'.U^Cy(r,^ r.) + (6; - Q U - r.£-). (307) 

(J) AdiahcUdc expansion — complete. The back pressure 
will be along G D^ andjc?, = ^„ r, = r„ and 

U^ABCD^C^ (r. - r.) = Jy Cy (r, - r.). (308) 

(c) If there he no expansion, p, = p^, r, = r„ and 

Z7=((7p~ Qfi_^)r, (309) 

Equations (807) and (809) may be put In a more symmetrical form by 
introducing an auxiliary r,, thus : 

a (r. - U) + {C - a) (r» - r.g) = Q (r, - r.) ; 

• ^' = ^M Q - ^^ ■^« - ^ , y - IPi (810) 

Equation (809) will reduce to precisely the same value ; hence (807) 
and (809) become 

U=0,(l^^^r,. (811) 
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Making a table of values of ^, having for argument ^, tlie computation 
for the work may be much facilitated. Let y = 1.41, then : 



£! 


Tm 


PM 


T« 


Pb 


U 


ft 


u 


2 


0.855 


9 


742 


8 


0.807 


10 


0.789 


4 


0.788 


11 


0.786 


5 


0.768 


12 


0.784 


6 


0.758 


18 


0.782 


7 


0.782 


14 


0.781 


8 


0.746 


15 


0.730 



Final temperatures. Knowing the initial temper- 
ature, the final may be found from equation (41), which \& 



= '. (f:)' 



(312) 



Final Tkmpbbatvkbs, thi nnriALs bkiho 7*i = 08* F. ob r, s 5e8*.66. 



Pi 

Pt 


Final Temp. Deg. F. 


Pj 
Pt 


Final Temp. Deg. F. 


2 


- 28 


9 


-181 


8 


- 76 


10 


-189 


4 


-107 


11 


-197 


5 


-129 


12 


-208 


6 


-148 


18 


-209 


7 


-160 


14 


-214 


8 


-171 


15 


-219 



Such low temperatures are fatal to successful working if 
moisture be present in the working air, as ice would be 
formed in the exhaust. Either the initial temperature must 
be considerably higher or the range of pressures must be 
small, or ad.iabatic expansion avoided, unless the air be 
thoroughly dry. 

(d) Let the expcmsion he isothermal and incomplete. 
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Then 

p,v,=zp,v,:= Rr^, (313) 

and 

=.p,vJlJ^hg.^^2P\. (814) 

For the same cnt-oflf, the isothermal will lie wholly above 
the adiabatic, and U^ in equation (314) will exceed U in 
equation (306). In order to secure isothermal expansion it 
is necessary to heat the air in the cylinder during expan- 
sion. It is not, however, practical to maintain a uniform 
temperature in this way. The very low final temperature has, 
however, in practice been prevented by working the air in 
one cylinder through a part of the full range of pressures, 
then exhausting into a receiver and there heating it, after 
which it is worked in a second cylinder. 

{e) Expansion isothermal a/nd complete. In this case 
the terminal pressure H (7, Fig. 72, will equal the back 
pressure H E\ or j?, = p^ in equation (314) ; 

• •. U^DABC^ OBOE 

= jp, v^ log^ r = 122.5 t, log^^ r. (315) 

Weight of air per minute. Let W be the number of 
pounds of working air necessary to deliver N horse-powers 
per minute, then, since U is the work in foot-pounds per 
pound of air, 

W U^ 33000 iT; 

...Tr=??^. (316) 

Volume of the cylinder. If p^^ v„ be respectively th6 
preiwure and specific volume of the air before compression, 
and if the temperature of the air entering the engine be the 
same as before compression, then p^ v^ = p^ t?„ and the final 
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specific volume v^ may be found when the law and amount 
of expansion are fixed. The terminal volume of W pounds 
will be ITt;,, and this will equal the volume swept through 
by the piston per minute, if there be no clearance. Let V 
be the volume of the cylinder and n tlie number of single 
strokes of the piston per minute, then for a double-acting 
engine, 

.^^33000^i?r,^ • (3 

Efficiency. In order to determine the efficiency, the full 
cycle of operations must be known, and this involves the 
law of compression, which will be considered in the discus- 
sion of the air-compressor. We know, however, if air were 
compressed according to any law and expanded according 
to the same law, there being no escape of heat by radiation 
between the states of expansion and compression, that the 
efficiency would be unity ; but there would be no resultant 
work, even neglecting the friction of the engine. 

The above formulas being for perfect conditions must be 
modified in order to conform to practice. Peniolet deter- 
mined that the moisture in the air, when converted into va- 
por, did not materially affect the theoretical results of con- 
sidering the air as dry. The weight of air as determined 
from equation (316) must be increased to allow for clear- 
ance, leakage, and imperfect working, as is done with the 
steam-engine ; and this must be still further increased in 
determining the weight of air before it enters the compres- 
sor, to allow for the imperfect working of the compressor. 

Compressed air-engines are frequently used where if 
steam were used there would be excessive condensation, as, 
in mines and other underground work, for driving drills, 
pumps, hoisting engines and locomotives ; also for small in- 
termittent powers. 
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THE COMPRESSOR. 

151. An air-compressor is a kind of air-pump for 
receiving air at ordinary conditions, and after compressing 
it to a higher tension, forcing it into a vessel called a re- 
ceiver. It is not a motor, but requires a motor for driving 
it. The principles of construction are substantially the 
same as for an hydraulic pump, although in detail clear- 
ance spaces must bo as small as possible and the valves be 
so made as to work with certainty. The valves are the most 
important details, and have received a large amoimt of at- 
tention from inventors and practical men. The best condi- 
tion for the proper working of the air valves, both inlet and 
exit, is to have them open and close by moving vertically 
and automatically ; and for this reason the compression cyl- 
inder has often been placed vertically, although vertically 
moving valves are used with horizontal cylinders. In the 
latter case, at least two valves at each end of the cylinder 
are commonly used — one for inlet, the other for outlet. 
When the cylinders are vertical, the compression cylinders 
are frequently single acting, and are driven by a double- 
acting steam cylinder. The steam cylinder may be vertical 
or horizontal. In some cases the axes of the cylinders have 
been inclined to each other, but the horizontal types are 
most common. Other fluids than air may be compressed 
in such a compressor. 

Fig. 73 is a view of 
a duplex air-compressor 
made by the author and 
worked in a silver mine 
in Colorado. The two 
steam cylinders are at 
the left hand, and the 
other two are the com- 'i®* "^ 

pression cylinders. 

The cranks are so set that the steam in one cylinder will 
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be at full pressnre when the piston in the air cylinder on 
the other side will be near the end of its stroke where re- 
sistance is greatest. 

i52« Analysis. During the backstroke of the piston 
B the air flows into the cylinder ; assume 

that it has the uniform pressure O J)^ 
Fig. 74. During the retuni-*troke the 
pressure rises from /7-to jB, and the air 
is theitfoKed into a receiver at a press- 
ure which we assume to be uniform 
and equal to A. 



D 

F 
O 



-Fio. 74. 



Let^,', v/ r,' represent state C, 



p:. 



v/, r/ " " By the subscripts denoting 

the states ordinarily used in this work, and the accents dis- 
tinguishing them from the notation of an engine. 

a, Adidbatic compression. The work will be, equation 
(308), 

n' = ABCD=Cf (t/ - T,'). (318) 

For air Cp = 184.77 (p. 53). We have, equation (42), 
page 61, 

V = <(f;)*, • (319) 

where y = 1.4. From this the final temperature due to 
compression may be found. Thus : 



Final Tsmvkbatubis, thi ihitxal TBMPiiiATTms m 08* F., ob r « 6as.68*. 





Final Temp. 


* 


Firal Temp. 


2 


186 


9 


588 


8 


266 


10 


569 


4 


829 


11 


599 





882 


12 


625 


6 


427 


18 


650 


7 


468 


14 


675 


8 


505 


15 


700 
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The temperature exceeds that of boiling water under the 
corresponding pressure before the tension reaches four 
atmospheres. 

J. hotkermal compress^Um, Here ji?/ v/ = ^/ v^ ; and 

. Ut' =^ABCD:=^ Pi' vi' - p,' tj,' -H f^*pdv = 122.5r,fcir,. ?' (820) 

which is equation (309). Equations (318), (319), (320), give 

-^ = 4 • ^? . i^earf V, (321) 

which is less than unity for all practical cases ; hence iso- 
thermal com.pr€S8ion requires less work than adiahaUc com- 
pression ietween the sam^ pressures. 

Isothermal compression is secured approximately by in- 
jecting water into the cylinder in the form of a fine spray 
in suflScient quantity to absorb the heat due to compression. 
The same result is secured less efficiently by performing 
part of the compression in one cylinder, and allowing the air 
to cool in a receiver, after which the compression is com- 
pleted in another cylinder. If air is compressed adiabati- 
cally, the heat lost between the compressor and the motor 
represents lost energy. If no heat were thus lost, adiabatic 
compression would be desirable. 

Energy lost hy radiation. If r, be the final temperature 
in the compressor and r, the temperature at the motor, then 
will the energy lost per pound be 

Cp(r.-r.). (322) 

Weight of water to he injected in order to reduce the 
temperature a given amount. In order to secure isothermal 
compression, the refrigerant would necessarily be indefi- 
nitely large, for otherwise its temperature would be raised. 
Let TTbe the pounds of water which must be injected to 
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reduce the temperature of one pound of air from T^ to T^^ 
the temperature of the water being raised from jT/ to T,'. 
Since the specific heat of water will be considered as unity, 
we have 

^(^. -^.)=^p(^.-^.)- (323) 

Volume of the ocmipreesing cylinder. If there were no 
losses, the volume of the compressor cylinder would be the 
same as that of a compressed-air motor doing the same work 
as expended in compression, working under the same law of 
expansion. Hence, if Y be the volume of the compression 
cylinder, TP the pounds of air compressed by iV'' horse- 
powers per minute, U' the work necessary to compress one 
pound under an assumed law and force it into a receiver, n' 
the number of single strokes of the engine, and r,' the initial 
temperature of the air, then equation (317) gives 

^ _ 33000 iV^ R t/ W R r/ ,^^,. 

Modifications. The initial pressure in the cylinder, jp,', 
will be less than that of the external air, for the valves will 
oflfer some resistance to the inflow of air, and it would take 
a short time to establish equilibrium, and the temperature of 
the cylinder may expand the air. If there be any clear- 
ance, all of the compressed air would not be forced into the 
receiver. For these reasons, and also on account of the heat 
lost by radiation, the volume of the cylinder should be con- 
siderably larger than that found from equation (324). Tliis 
would be secured by assuming the horse-powers, N\ ex- 
pended in compressing the air as proportionately larger than 
the horse-powers iT, to be delivered by the motor, but so 
many contingencies arise in practice that a definite rule can- 
not be stated beforehand. Deficiency in size in the con- 
struction may often be overcome in practice by increasing 
the piston speed. 
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153. Efficiency of compressor and enyine. For 
complete adiabatic expansion, equations (308) and (318) give 

E = -Ji—^, = II L _rj ^ 1^^ ,pp^^ (325) 



"■['-a 



This operation may be illustrated by Fig. 75. 
will be taken into the compressor at» 
the absolute temperature r/ at C, then 
compressed adiabatically to temperature 
t/ at By then forced into the receiver at 
the constant temperature r/and pressure 
p/. The work done by the compressor 
per pound of air will be / CB 11. The ^ fig. 75. 
air then loses heat and enters the engine at A under the press- 
ure^, =i?/ and a temperature r^ and expands adiabatically to 
2>, the temperature being reduced to r,, where it is exhausted. 
The work of the engine will be / 2? J. 77! The resultant 
work will hQ A B C D. If no heat were lost, the tempera- 
ture at A would equal that at B^ and that at D equal 
that at C, orr, = r/, r, = r/ ; . • . ^= 1, or the efficiency 
would be perfect. In this case, however, A D will fall on 
B Cj and the resultant work will be zero. The compression 
might be along D A and expansion along B C. Equation 
(325) expresses the efficiency if the air enters the motor at 
a less pressure than that of II A, and exhausts it sit a higher 
or lower pressure than that of C. In this case the cycle 
will not be complete. 

Mass of fluid constant In some operations, especially 
in refrigerating machines, the mass of working fluid is 
constant, the operation B A being effected by abstracting 
heat, and D G by supplying heat. In this case, it A D 
and B C are adiabatics, the heat supplied along D C will 
be, per pound.^ 
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J7.= ^p(r.'-r.), 

and abstracted along B A^ 

J?. = C,(r.'-r.); 
alBo 

r. r.' 



and the efficiency of fluid will be 

-U_ ^,(r/--r.)-^,(r/-r.) r/ - r/ .^g^. 

^- H, 6V(r/-r.) " r.' ' ^ ^ 

the same as for the perfect elementary engine ; and is the 
fraction of the work which is transmuted into heat. If the 
operation were in a reversed direction, the result would be 
positive and would be the fraction of the heat absorbed 
which would be transmuted into work. 

154. Friction of air in pipes* The experiments 
at Mont Cenis gave the formula 

i5^= 0.00936 !?J, (327) 

d 

in which d is the diameter of the pipe in inches, I the 
length in feet, n the velocity in feet per second, and -?^the 
loss of pressure in pounds. 

EXERCISES. 

1. Required the volume of the cylinder of a double-act- 
ing air-compressor making 50 revolutions per minute to 
deliver to a compressed air-engine, making 100 revolutions, 
sufficient air to give 5 indicated horse-powers, allowing fifty 
per cent lost in the power of the compressed air. Let the 
initial temperature of the air be 60° F., and ctompressed iso- 
thermally to 5 atmospheres absolute, the initial pressure in 
the engine also 5 atmospheres at the same temperature. 
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Find the weight of water which must be injected per stroke 
at 55° F., that the temperature may not exceed 65° F. ; the 
volume of the cylinder of the engine, the point of cut-off 
of the engine that the expansion shall be complete, the 
final temperature at the end of the stroke, and the efficiency 
of the system. 

First find the work which one pound of compressed air 
wiU do. We have 

r. = 60 + 460 = 520, p, = 14.7 X 5 = 73.5,^, = 14.7. 

Final temperature, r,, 530 X (i)». de^ees absolute 828. 

degreesF —164. 

Difference of temperatures, r^ — r, 192. 

Work per lb. of air. Eq. (808). 184.77 X 192, ft-lbs 86476. 

Work required per minute. 38000 X 5, ft. -lbs 165000. 

Air required per minute, lbs 4.65. 

Vol. cyl., Eq. (317), 4 66 X 68.21 X 828 ^ (200 X 2116.8)cu. ft. 0.192. 

Diameter, if stroke is \\ times the diameter, inches 6.56. 

Ratio of expansion. !! = i^-^T^ =(5)* 8.16. 

Air to be supplied to compressor, 4.66 X 2, lbs. per minute 9.80. 

** •• " " ** per stroke, lbs 0.098. 

Vo..aircy...Ea.(8a4).?^^|L«Mi^.cu.ft 1.23. 

Diameter, if stroke is 1^ times the diameter, inches 12.1. 

Work per lb.. Eq. (320), 122.6 X 620 X 0.699, ft.-lbs 44626. 

Work per minute. 44626 X 9.8, ft. -lbs 414092. 

Efficiency, 165000 -f- 414092 = 0.40. 

Water injected, 0.24 X 192 -I- 10, lbs. per lb. of air 4.61. 

lbs. per stroke 4.61 X 0.098 0.48. 

cu. in, per stroke 0.48 X 0.016 X 1728 11.89. 

If the temperature be limited to 100^ F., it would require 
less than three cubic inches of water per stroke. 

2. In the preceding exercise if the compression were 
adiabatic, find the final temperature of compression, the 
final pressure being 5 atmospheres, initial temperature of 
the air, 65° F. ; also the efficiency. 
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THE STEAM TURBINE. 

155« Steam turbines act on the same general prin- 
ciples as hydraulic turbines ; an essential difference being 
that water is considered non-compressible, while steam and 
other vapors are compressible. A more general term for 
this class of turbines would be elastic voypor turbines. 
They may be reacting, like the Barker mill, Whitelaw or 
Scottish turbine, parallel flow, outward or inward flow. One 
is described in the Pneumatics of Hero of Alexandria, 
Bankine also mentions an inward-flow turbine which was 
used at the Glasgow City Saw Mills, and was considered 
equal in efficiency to an ordinary high-pressure engine 
{Steam Engine^ p. 638). The daim, however, is not sufr- 
tained by any authentic experiments. Very few of these 
turbines appear to have been in use until quite recently ; now 
they are being used to drive electrical dynamos, chiefly on 
account of the very small space occupied by them and the 
ease with which they may be located wherever desired. In 
many cases they are wasteful of steam on account of the 
clearance spaces permitting a part of the steam to pass 
through the engine without doing work, but one quite re- 
cently invented by Messrs. Dow appears to be a great im- 
provement on previous engines of this class. 

156. Balanced outward-flow steam turbine. 

The turbine shown in Fig. 76 is the joint invention of J. H. 
Dow and H. H. Dow, of Cleveland, Ohio. A A represents 
the casing, or stationary part of the engine ; B B the rotat- 
ing wheel flrmly secured to the shaft C, and containing the 
buckets or floats shown in the section D 2>, which are ar* 
ranged in concentric circles ; and concentric with these and 
between them are rings projecting from the stationary part 
of the ^engine through which are cut steam passages or 
guides. Steam entering through the stationary part at JEy 
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FIG. 76 



passes both sides of 
the rotating disk 
FF^ into the an- 
nular cavity near 
the centre, thence 
outward through 
passages in the an- 
nular spaces be- 
tween the buckets, 
and through the 
buckets, finally es- 
caping at the outer 
circumference at i), 
and is conducted 
away at the exhaust 
at 6?. 

It is balanced laterally by means of the disk F F^ which 
is firmly secured to the shaft C\ so that if there be a lateral 
movement, liowever small, the space on one side of the disk 
will be reduced and on the other side enlarged, so that tlie 
increased amount of steam entering the latter will force it 
back to its normal position. It is claimed that this move- 
ment may be limited to 0.002 of an inch. The energy of 
the steam is gradually absorbed by the wheel as it passes 
through it, thereby diminishing its pressure and causing ex- 
pansion, similar to that in a multiple-expansion engine, 
there being six compoundings in this wheel. 

157. Analysis. Reaction Turbine. These may be 
constructed like the Barker mill, Scottish or Whitelaw tur- 
bines, or other hydraulic turbines of this class. The section 
of the orifices is very much smaller than that of the anns. 
The reaction of the steam as it escapes from the arms im- 
parts to them a rotary motion, and, consequently, as the 
fiuid passes .outward in the arms a rotary motion is imparted 
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to it in common with the arms ; 
the flnid escaping in a backward 
direction relative to the motion 
of the orifices. The velocity of 
yj^ ^^ exit will depend npon the three 

elements : 

1. The pressure at the orifices due to the boiler pressure, 
as if the arms were at rest ; 

2. The additional pressure due to rotation, as if the orifices 
were closed ; and 

3. The velocity of the orifice relative to the earth. 

The velocity of discharge relative to the earth will be the 
resultant due to these three causes acting simultaneously. 
On account of the compressibility of the fiuid and the cen- 
trifugal action, the density of the steam will increase from 
the axis of rotation outward. The centrifugal force of 
the liquid, if any, in the vapor will cause the liquid to flow 
outward more rapidly than the vapor, and thus greatly com- 
plicate the solution ; and it would be still furdier compli- 
cated by considering the change of temperature and of re- 
evaporation in passing outward along the arm. We will 
assume that the steam is dry saturated or slightly super- 
heated and the temperature uniform. 

Let Aj be a head producing the pressure at the entrance 
to the arms where the weight of a unit of volume is w^ and 
pressure^,. At any distance p let the pressure be j> and 
w the weight of unity of volume ; thttfi, since lue weight 
will be directly as the pressure, we have 

j}^ = A, w^y j> z= h^w. (328) 

The variation of pressure will be due to the centrifugal 
force of an element whose thickness is dp and base unity ; 

.'.dp='!^dp.oo'p, (329) 
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where co is the angular velocity per second. These equar 
tions give 






Wh, "pT, (330) 

where jp, is the pressure at the orifice, F, the velocity of the 
orifice, and Fthe velocity due to the head A,. If F, = 0, 
Pi = JP« ^ i* should.' The pressure due to the centrifugal 
force wiU be 

i>. ->.=!>. (^Wj). (331) 

The interior pressure ready to produce velocity will be 
P^ ; now, if the orifice be opened into the atmosphere, the 
resultant pressure will be j», •— p„ when^, is the pressure of 
one atmosphere. The velocity of exit will be found from 
equation (278), page 283, after making y = 1*3, as given, in 
equation (145), page 151 ; hence 

F. = 16.705 a/ p. V, [l - [^J"^ • (332) 

Without rotation, the velocity relative to the orifice, or 
the earth, would be • 

F, = 16.705 i//>.^,[l-(^f"*^- (333) 

The orifices have a velocity a? p = F, opposite to F, ; 
hence the velocity of discharge relative to the earth will be 

V^ ¥,--¥,. (334) 

The pounds of steam discharged per second will be, equa- 
tion (64), value of R^ p. 103 ; 
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W^w.ksV'^ 1.8295 * *i>Xy '"'"'^^^IT^ (335) 

in wluch k is the coefficient of dificharge, p^ the pressure in 
the arm at the orifice and is^, in equation (330), r, the tem- 
perature outside and r, the temperature in the arm, w^ the 
weight of unity of volume at the section of greatest con- 
traction, and W the weight discharged per second at that 
point. 

The work done bj the reaction per second will be 

y(F;-F.)F., 

or per pound, 

I7=1(F.~F.) F.. (336) 

9 

The energy expended will be that in the steam above the 
temperature of the feed-water, and per pound will be, 
equations (93) and (77), 

H = 778 (1114.4 + 0.305 T, - T,\ (337) 

where jT, is the temperature at the boiler in degrees Fahr- 
enheit and T, that of the feed. 



The efficiency will be 
The horse-powers will be 



E= ^. (388) 



^=lo&- « 



EXERCISE. 

1. In a reaction turbine having orifices 12 inches from 
the axis of rotation, if the boiler pressure be 50 pounds 
(gauge), section of all the orifices 0.02 of a square inch, coeffl- 
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cient of diflcharge .50, velocity of the orifices one fourth the 
theoretical velocity due to the steam pressure when the 
engine is at rest ; find the work per second, the efiiciencj, 
tlie temperature of the feed-water being 60® F., the horse- 
power and the pounds of water used per horse-power per 
hour. 

From Eq. (84) or from steam tables, volume of 

1 lb. of steam at 64.7 lbs. absolute, will be, cu. ft. 6.58. 

Weight of a cu. ft., lbs 0.152. 

VeL of steam, no rotation (333), F, ft per sec. • . 2223. 

Velocity of orifices J of 2223, F, : . .. 555.7. 

Sevblutions per second 89.3. 

" '' minute 5358. 

Pressure at axis where steam enters the arms. .... 64.7. 

Pressure at orifices, (330), p^ lbs. per sq. in 140. 

Vol. of 1 lb. steam at orifices 6.58 X 64.7 -4- 140, 8.04. 

Vol. discharge relative to orifice, F„ (332) 2639. 

" " " " the earth, V^-^V^ 2084. 

Work per pound, U, (336), ft. lbs 35952. 

Energy expended, H, (337), {T, = 297, T^ = 60) 890732. 

Efficiency (338), per cent 4.0. 

Discharged per sec. if T, = 220°, Eq. (385), lbs.. 0.0195. 

Horse-powers 1.27. 

Steam per H. P. per hour, lbs 55. 

This result appears to make the engine quite as efficient 
as small non-condensing engines. Theoretically, the efficien- 
cy would be high if the velocity of the orifices were half 
that of the theoretical velocity of discharge, or twice that 
assumed above, but the resistance of the air to the motion 
of the arms would be so great as to consume the power of 
the engine. At the velocity in this example the speed of 
the orifices is over seven miles per minute. At 200 feet per 
second, or about ten times the average highest piston speeds, 
the efficiency would be very low, not even considering 
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prejudicial resistances. To be efScient the speed must be 
high. 

158. Oatward*flow turbine of Fig. 76. The 
best speed for the turbine requires that the fluid shall be 
discharged with the least velocity — ^just sufficient to escape 
from the wheel. To accomplish this the steam must ex- 
pand down nearly to the pressure of the atmosphere. 

If the wheel is so constructed and operated that the steam 
will expand without transmission of heat, the method of 
Article 112 will be applicable, and work done per pound 
of steam would be 

U=JrT^-r,fi + loff. ^\ + ^' ~ ^' h.rl + (p. -p>) tt., (840) 

if there were no losses from friction, contraction, eddies or 
clearances. 

To determine the speed requires a definite knowledge of 
its construction. A properly constructed wheel must run 
at a definite speed for maximum efficiency, and it cannot be 
correctly analyzed for speeds differing much from that, on 
account of eddies or whirls being 
induced, the eflEect of which cannot 
be formulated. 

Let Oy Fig. 78, be the centre of 
the wheel, a g the inner rim, h e the 
outer, c adk guide, ah k bucket. If 
there were no friction or eddies, the 
analysis for several concentric circles 
of buckets would be the same as if 
all the work were done in one series 
of buckets; so we treat the case as 
if the several series were devel- 
oped into one. Let die initial ele- 
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ment of the bucket at a be tangent to the radius O af* of 
the wheel, a dh tangent to the inn^r rim, a h tangent to the 
guide a ; also 

d a h =: ar, the angle between the terminal element of a 
guide and the inner rim of the wheel, 
r, = O a^ the inner radius of the wheel, 
F, the velocity of the steam at a in the direction a A, 
Vt, the tangential component of F, 
v„ the radial component of F, 

and the same letters with accents to indicate similar quanti- 
ties at J, the point of discharge ; also o, the angular velocity 
of the wheel, and Jf = W -r- g^ the mass of steam flowing 
through the wheel per second ; then 

V 008 a = Viy Vi tan a = v^ ; 
V C08 a' = Vi\ Vi tcm od = -y/. 

The rim velocities will be, respectively. 

According to the principle of mechanics — tihe difference 
of the moments of momenta of the fAiid upon entering and 
quitting the wheel into the a/ngular velocity of the wheel 
equals the energy imparted to the wlied — we have for the 
work per second, 

Jf (vt r — v( r') G?, 
or per pound, 

Cr=(t;,r-.<rO^, (341) 

and this should be approximately the value of equation 
(340). In the former, much the greater part of the heat of 
the steam is lost at the exhailst, while in the latter consider* 
able energy may be lost in the kinetic energy of the steam 

* In the Dow engine the buckets are straight and the angle at a acute. 
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a8 well as that in the exhaust. In order that there be na 
iuipact on entering the wheel, we have Vt = w r, and if the 
steam were discharged from the wheel radially, v/ ^' would 
be zero ; as a rough approximation let it be zero, then 

27=^—; (342) 



.' . cor = V ff V. 

Let n be the ratio of the actual to the theoretical value of 
Uy then 

c» r = VngU. (343) 

On account of condensation, clearance and friction, n for 
non-condensing engines is from ^ to ^. 

If the wheel does not run at best velocity, v^ r' will not 
be zero ; let it be 7 i^t ^j ii^ which 7 will have a different value 
for every different velocity ; also a? r will not equal i^t, let it 
be eo?/*; then 

e (1 - ^) ^JL ^nU 
9 

The number of revolutions per minute will be 

jr=^. (345) 

EXERCISES. 

1. Consider a Dow steam turbine run with steam at 70 
pounds boiler pressure (gauge), using 600 pounds of steam 
per hour, the efficiency being one fourth the theoretical. 

Assume that the gauge pressure at the engine is 67 pounds, 
or about 4 per cent less than the boiler pressure, that the 
terminal pressure is 17 pounds per square inch, the inner 
radius, r = IJ. AVe have 
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T, = 773, T. = 679, JT;, = 778 X 894* = 696000, 
u^ = 21.9, eq. (150), t^, -j- v, = 4.05 = ratio of expansion. 
Work per lb. of steain, Eq. (340), ft. lbs., approx . . 88000. 

Work per lb. as per hypothesis, ft. lbs 22000. 

Steam per H. P. per hour, 1980000 -f. 25075 lbs . 90. 

Vel. of inner rim if iy = 0. 1, n = J, e = 4, ft. per see. 223 

Eevolutions per minute 20452. 

Horse-power, 600 ^ 90 6.7. 

An engine made by the Messrs. Dow had turbine wheels 
5} inches in diameter ; shaft, f inch diameter ; depth of buck- 
ets, ^ inch ; depth of guides also ^ inch ; weight of moving 
parts, 7 pounds, 7 ounces; weight, including casing, 68 
pounds; highest measured speed with 70 pounds steam, 
35000 revolutions per minute ; so that the velocity of the 
circumference was nearly nine miles per minute. 

An approximate computation of its regular daily perform- 
ance at 70 pounds pressure gave about 8 horse-power with 
about 76 pounds of steam per horse-power per hour, the 
speed being about 25000 revolutions per minute. Accurate 
measurements will doubtless modify these results. 

2. Kequired the number of revolutions per minute neces- 
sary to burst a cast-iron disk from the centrifugal force, the 
modulus of tenacity, T being 20000 and the diameter of 
the disk 6 inches, there being a hole 1 inch in diameter at 
the centre for the shaft, weight of a cubic inch ^ of a 
pound. 

Assume the centre of gravity of each half to be at 7 = 1.3 
inches from the centre. 

^ _ 30 V5y7' _ _ J $ X 32.2 X 20000 x 12 ., ,_ 
^-;rr-r?=^^^ 1.3xi(9-i);r- = ^^^^^^ 
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159. A refrigerating machine is a device for pro- 
ducing relative cold. It has been repeatedly shown in the 
preceding pages that in any flnid doing work by expansion, 
without transmission of heat, the temperature is lowered. 
Advantage may be taken of this fact to produce a low tem- 
perature. Let M iT, Fig. 79, be the volume of a pound of 
the fluid when the cylinder of a compressor is full ; let it be 
compressed adiabatically to B 
and at constant pressure to A ; 
thence expanded adiabatically to 
J and at constant pressure to C, 
If the fluid be a compressible 
gaa, the temperature will de- 
crease from B to A and increase 
from e/ to C\ but if it be a ™- '^• 

vapor the temperature will be constant at constant pressure 
— some or all of the vapor being condensed during com- 
pression, and evaporation taking place during expansion. 
In both cases heat must be abstracted from the working 
fluid during the operation A B — the heat being carried 
away by the cooling substance ; and absorbed by the work- 
ing fluid during the operation J C — being taken from sur- 
rounding substances. The latter result is the one sought, 
and is made practical by placing the articles to be chilled in 
a room whose walls are made practically impermeable to 
the passage of heat, and abstracting heat from the room by 
repeated operations like the one just described, the heat so 
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carried out by the working fluid being imparted to objects 
outside said room. 

1 60. Practical operation. The practical operation 
is shown in Fig. 80, which represents a vapor plant. Omit- 
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FIG. 80. 



ting minor details, it is as follows : The working fluid is taken 
into one end of the compressor A during the back stroke of 
the piston, the operation being represented by J C, Fig. 79, 
the volume of a pound being JU iV when the cylinder is full ; 
during the forward stroke of the piston the fluid is com- 
pressed, the operation being represented by C B, and at B 
the valve is opened and the fluid forced into the coils of the 
condenser B, Fig. 80. Water flows over the coils, reducing 
the temperature, if the fluid be a permanent gas, and liquefy- 
ing it if it be a vapor, the operation being represented by 
BA. 
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The heat absorbed by the water is wasted unless the 
water is used for other purposes. At the left of Fig. 80 is 
the refrigerating room G^ which should be enclosed on all 
sides, including roof and floor, with several inches in thick- 
ness of sawdust, felt, or other non-conductor of heat. This 
room contains many coils of pipe through which the fluid is 
made to flow, the coils being in the centre of the room, or, 
as is often the case, arranged about its walls. The fluid 
passes from the condenser B to this room, where, by properly 
adjusted cocks, it expands against a pressure, reducing the 
temperature and pressure until the latter is that of the initial 
in the compressor ; the operation being represented by J. e/^ 
Fig. 79. During the back or return stroke of the piston 
the fluid flows into the compressor at constant pressure, the 
pressure being maintained by the heat in the refrigerating 
room, the operation being J C. If the fluid be a gas, the 
heat of the refrigerating room increases the heat of the gas, 
the temperature at J being lower than that of the room ; but 
for a vapor the pressure and temperature are maintained 
constant by the evaporation of the liquid, its volume being 
increased from D JU> D C. 

It will be seen that only a part of the changes here de- 
scribed are made in the compressor ; however, the indicator 
diagram C B A e/ represents the changes passed through by 
the circulating fluid, and represents the work done by the 
compressor. 

Let the adiabatics B ^and A J he extended indefinitely 
to the right ; then will the heat taken from the working fluid 
and carried away by the condenser he O A B F\ and that 
taken from the refrigerating room will be G J C F. The 
operation is in effect that of taking the heat out of the re- 
frigerating room, adding heat to that by the compressor, and 
finally causing both heats to be carried away by the water 
which passes through the condenser. 

The operation of all refrigerating machines is essentially 



tl»l] EFFICIENCY. 821 

the same in principle : condense the gas or vapor, deprive it 
of heat diminishing its volume, lower its temperature bj 
doing work, then expand it ; during the last operation heat 
is supplied by the articles to be cooled, and produces the re- 
frigeratiug effect. 

The heat of the refrigerating room is carried out by the 
circulating fluid to the condenser, where it is carried away by 
the water of the condenser. During its passage thither heat 
is added to the fluid by the work done upon it by the com- 
pressor raising its temperature, and by removing both heats 
at the condenser, the circulating fluid is put into a condition 
to take up heat again as it passes through the refrigerating 
room, so that the mass of circulating fluid may be constant. 
The mechanical operation of transferring the heat may be 
illustrated by the removal of water from a chamber at a 
lowel level than that of surrounding objects. For instance, 
conceive a mine having springs of water, and that the water 
is to be kept at a low level ; or conceive a room nearly but 
not quite water-tight submerged in a lake, and that the water 
in the room is to be kept at a low level. By placing apnmp 
in the room the Water may be raised, as fast as it accumulates, 
to a higher level than that of surrounding objects, from 
which point it will flow away naturally. If it be not raised 
sufliciently high it will not flow a^wtLj. In the refrigerating 
apparatus the compressor raises the temperature of the fluid 
to a higher value than that of surrounding objects, thus en- 
abling the heat to flow away ; and by exposing it for a suffi- 
cient time it would escape by radiation without the use of 
water; but the condensing water hastens the process. 

161. Efficiency. It will be seen that a refrigerating 
machine is a heat. engine reversed. Instead of transmuting 
heat into work, work is transmuted into heat. 

Let JI, — FB A G, Fig. 79, be the heat carried 
away by the condenser* 77, =- F C J O the heat taken from 
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the refrigerating room and absorbed by the circtdating 
fluid ; then the work done by the compressor upon the 
fluid will hell,- H,. 

The general expression for the efliciency is 

— ^ Energy c^tained {or work dene) /oia\ 

~~ Energy expended * ^ ^ 

If the energy obtained be the heat removed from the re- 
frigerating room, and the energy expended be the work done 
on the fluid, then representing this efficiency by ^„ we have 

In practice this will exceed unity, a result due to the 
peculiar unit to which the energy sought is referred. In 
most cases tlie energy obtained is a part of the enei^y ex- 
pended, which is not the case in the above assumption. If 
the energy obtained be referred to the heat expended, the 
expression will be less than unity. Thus, let 

E' be the efficiency of the furnace compared with the 
heat of combustion of the fuel, 

E'\ the efficiency of the engine, compared with the heat 
energy delivered to it by the furnace, 

JE*'", the efficiency of the compressor referred to the en- 
gine as unity, 

E^y the efficiency of the refrigerating' system compared 
with the compressor as unity ; then will Ae efficiency of the 
system be 

E = E'. E". E'". ^. (348) 

If the cycles were Camot's, ancL no losses from clearance, 
friction or leakage in the engine and compressor, and the 
efficiency of the furnace be 0.70, then 

E = 0.70 ^' "" ^' • — ^^— . (849) 

^1 ^4 ^* ^t 
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in which r, is the absolute temperature of the steam at the 
furnace, r, the temperature of the refrigerator of the en- 
gine, r^ the temperature of the condenser, and r, the tem- 
perature of the refrigerating room. The efficiency realized 
is far less than this. It appears that the efficiency of a re- 
frigerating machine will increase as the temperature of the 
condenser decreases^ and also as the temperature of the re- 
frigerating room increases. This is also apparent f i-om 
general considerations, for the higher the temperature of the 
refrigerating room is allowed to be, the greater amount of 
heat will be carried away by a pound of the circulating fluid 
in expanding at constant pressure, and the lower the tem- 
perature of the condenser the less the work required of the 
compressor in raising the temperature from r, to r^. 

EXERCISE. 

1. Let the efficiency of the boiler be 0.75, of the steam 
utilized by the engine 0.15, of the engine compared with 
one without friction or other waste 0.50, of the compressor 
compared with one without waste 0.60, temperature of the 
refrigerating fluid when it leaves the condenser 75° F., 
when it leaves the refrigerating room 5*^ F., and that 15 per 
cent of the latter energy is lost, required the efficiency of 
the plant. And if 1 pound of coal fed to the furnace de- 
velops 12300 thermal units when completely burned, how 
many pounds of ice at 32° F. may be formed from water 
also at 32° F. for each pound of coal burned ? 

We have 

E=z 0.75 X 0.15 X 0.50 X 0.75 X —^^ X 0.85 = 0.223, 

or the efficiency is 22.3 per cent ; that is, for each thermal 
unit contained in the coal fed to the furnace, 0.223 of a 
thermal unit will be taken from the refrigerating room. 
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If eacli poand of coal contains 12300 tkennal units, then 
for each pound burned there will be 

12300 X 0.223 = 2763 

thermal units taken from the refrigerating room, and as 144 
thermal units are required to congeal 1 pound of water at 
32° (page 89), there may be congealed 

2763 -H 144 = 19.23 pounds. 

In this solution it is assumed that a Camot's cycle is per- 
formed. If 25 per cent of the energy were lost instead of 
16, tlie result would have been 16.8 pounds, and this is in 
the vicinity of actual values. Later we will show how purely 
theoretical results may be found. If this engine developed 
a horse-power with 3|t pounds of coal per hour, then would 
67.30 pounds of ice be made per horse-power per hour from 
water at 32*' F. 

Compared with the work done by the compressor on the 
circulating fluid, the efficiency would be 

460 4- 5 
E, = 0.85 ^ = 5.646 ; 

that 18, for every thermal unit of work done by the com- 
pressor more than 5.6 thermal units would be removed from 
the refrigerating room. 

163. The circulating flnid. Thermodynamically, 
any fluid may be the working fluid ; but there are certain phy- 
sical and practical cconsiderations which detennine a choice. 
It must admit of a low temperature without congealing. Air 
ofl!er8 the advantage of being abundant, without cost, and 
admitting of any desired range of temperature ; but its den- 
sity being small, the required apparatus must be correspond- 
ingly large. If vapors are used they must be capable of 
vaporizing at low temperatures. Among the substances 
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used are ammonia, N J^, sulphur dioxide, SO^ methylic 
ether, G^ H^ O, and Bulphuric ether ; the first two of which 
are the most common, and of these we will consider ammo- 
nia especially. The general formulas will be applicable to 
any vapor. 

Grenerally brine — water thoroughly saturated with salt — 
circulates in the coils, the brine being cooled in a tank by 
the ammonia, as above described. This saves a large amount 
of ammonia. Brine may be produced that will not congeal 
until the temperature is below zero Fahrenheit. 

163. Some properties of ammonia. Certain 
properties of ammonia have been determined by Eegnault, 
but his determination of the latent heat of vaporization and 
the specific heat of liquefied ammonia were lost during the 
reign of the Commune, in 1870 ; and these we will deter- 
mine by computation founded on the results of* experiment 
and certain thermodynamic principles. 

In Relation des ExperienceSy Vol. II., pp. 598-607, are 
the results of Kegnault's experiments upon temperature and 
corresponding pressure of saturated ammonia. These we 
have plotted in Fig. 81, the ordinates to the dots represent- 
ing the pressures, and the abscissas, temperatures. If the 
law be represented by Rankine's formula, equation (80), p. 
97, the value of C will be so small that its effect wiU be in- 
appreciable, and the formula 

2196 
com. logp = 8.4079 - -j- ; (360) 

or, if ^ be pounds per square inch, 

2196 
log,.p = 6.2495 - -j- 

represents the results of the experiments with much accu- 
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racy from about — 20*" F. to 100° F., or from about 18 
pounds per square inch to 215 pounds,* 





-40-20 20 40 60 80 100 120 140 160180 
Tempei-atures, Degrees Fahr, 
FIG. 81. 

The ftpecijic heat of ammonia gas is 0.50836, which is a 
little more tlian for steam {Rel, des Exp,^ II., p. 162). 
Density of liquefied ammonia, that of water being unity, 

* Id the TraruactionB of the American Society of Mechanical Engineers 

2200 
for 1889, I used the formula log p = 6.2469 » and showed the dif- 
ference between the computed and observed values. This fonnula is 
nearer correct for higher pressures. 
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At 



Temp. 


DoDrity. DIf. 


Authority. 


16.5* C 


...0.781 


.Faraday. 


-10 


...0.6492 1 
—63 




- 5 


...0.6429 

—75 







....0.6864 


D'Andreeff: An. (8). 56, 817 




-66 


(•* Smithflonian Miscellaneous Col- 


5 


. . .0.6298 

—68 


^ lections." Vol. XXXIL, 1888> 


10 


...0.6280 

—70 




15 


. . .0.6160 

-71 




20 


. . .0.6089 





These may be expressed very nearly by the formula 

6 = 0.6364 - 0.0014 t 

= 0.6502 - 0.000777 T, ^^^^^ 

when t is degrees centigrade and T degrees Fahrenheit. . 

Density of the gas. — Begnault gives, for the theoretical 
density of the gas, 0.5894 {lid. des JExp.^ Vol. II., p. 162), 
but he also says : ^^ The real density of ammonia gas is cer- 
tainly higher than the theoretical ; the only experimental 
density of which I have knowledge gives 0.696 " (Ihid.y 
Vol. III., p. 193). We will use the latter value. 

Volu7fie of apovmd of the gae at the melting-point of ice. 
We have 

Weight of litre of air at 0^ C, 760™ .... 1.293187 grammes, 
or weight of cu. metre of air at 0° C, 760»..1.293187 kilog. 

(/Mdf., Vol. I., p. 162.) Hence the weight of one litre of 
the gas at 0° C, 760—-, will be 

1.293187 X 0.596 = 0.770739 grammes, 

and the volume of one gramme of the gas will be 

j^^ = 1.2973 lit^e. 
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Beducing this to the eqniyalent of one pound and cubic 
feet gives 

or Q-| OH 

1.2973 ^L^^ = 20.7985 cu. ft per lb. = k,. 

Value of B. 

j>.r. 2116.3 X 20.7985 X ^^^.^ .™. 
i? = -^ = ^^^^^ = 89.343. (352) 

This is 89.343 -^ 778 = 0.11483 of a thermal unit; 
hence, at this state, equation (28), p. 49, 

JT, = 0.50836 - 0.11483 = 0.89352 ; (353) 

and, equation (31) 

y = 1.292; (354) 

and, although y will not be constant, it will practically be 
so for the superheated gas. 

164. To find the latent heat of evaporation 

of Ammonia. From equation (74), p. 95, 

in which v^ is the volume of a pound of the liquid ; and as 
this is small compared with the volume of a pound of the 
vapor it may be omitted, and we have, omitting also the 
subscripts, 

h, = rv^^178. (355) 

From equation (350) we have 

i2 = 2196 X 2.302o £. . 
at r* ' 

• • . Ae = 6.49922 ^ (356) 

At the state when 

£-H = ?Ll* = 89.848, we have 

r To 

A. = 680.60. 
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ThiB result must be for a state where « > «• ; for the general theory of 
imperfect gases shows that for the same volume p^ria less for a small- 
er pressure, and in this case at the pressure p« the gas is superheated, 
and at the point of saturation p will be less than p» ; hence the laierU 
heat of efoaporation cf ammania muet be Use than 680.66 when the epedjie 
tdume is 20.7985 eubiefeet.* 

The general value of p o .«. r will be found from the equation of the 
gas. In Vol. II. of Expiriences, p. 162, Regnault has given the results 
of his experiments upon the elastic resistance of ammonia at the constant 
temperature of 8,1' C. (46.68'* P.). These 
give the relations between the pressures 
and volumes of the actual isothermal A C, 
Fig. 82 ; the isothermal of the gas pass- 
ing through A, if perfect, being A B. 
These experiments reduced to volumes in 
cubic feet per pound, and pressures in 
pounds per square foot, are given in the 
following table : 




Fio. 82. 



TABLE. 



Relations between voLumss and presbubes of ammonia gas at 
THE temperature 46.68° F.f 





PBSNUaM. 


Volames en. ft per Hk 








LIm. per 0q. ft 


Lbs. per aq. in. 


24.8716 


1862.706 


12.93 


28.167 


1958 976 


18.60 


21.944 


2064.096 


14.88 


20.7085 


2178.960 


15.18 


19.668 


2811.200 


16.05 


18.865 


2468.800 


17.08 


17160 


2618.784 


18.19 


15.961 


2822.544 


19.60 


14.762 


8042.288 


21.18 


ia.667 


8808.648 


22.94 


12.865 


8617.768 


25.12 


11.1412 


8996.820 


27.76 



* This showi thAt the latent heat found by Ledonz U erroneoof (lot-MaHnQ MaeMm^e, 
bf M. Ledonz, Van No«trand*8 ScUnoe Serine No. 40). For tlie Totume S0.8 cnbic feet 
Ledoax gives about 000 B. T. U. 

t Tnuw. Am. Soc Mepli.. Engineert, 1880. 
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« 

AsBomlng in equatloii (4), p. 18, a. =: i», uid n^ledii^ all tenna 
after ai, it may be written in the fonn 

b 

^ TIP 

The first, sixth, and last experiments of the preceding table give for the 
products p 9, and the corresponding values v, 

* =;>e = 4«»7. 



T (24.8716)- 



* = p r = 44529. 



r(11.141)« 

In these equations r = 507.24, and they give 

a = 91 005, ft = 16921 r, n = 0.97. 

Letting a = 91, b ^ 16920 t. n = 0.97. 

The equatimi of the gas wiU he 

P^=n~m^ (857) 



r TV 



and hence, equation (356), 

The latent heat of ammonia is 



, _ 6065.7 /_, 16920 \ 
• ~ "778" V^ ~ TV^) 



= 592.52, 



185.93 



- 1^2) « 



We now proceed to find the latent heat for certain states of the fluid. 
In Fig. 88, a represents the state of ammonia gas at the temperature of 
melting ice under the pressure of one atmosphere, for which the volume, 
as found above, is 20.7965 cubic feet per pound ; that is, 

<» A = 20.7985,1 Aa = 2116.8, i r = 492.66. 

Let states represent th^ pressure and volume of the first experiment In 
the preceding table, for which 

o t = 24.8716, 1 1 = 1862.7 lbs. per sq. ft 

State is the last in the table, for which 

0j = 11.141, J e:=; 8996.8. 
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From « to « is the actual isothermal of the gas as determined by Reg* 
nault's ezperimenta for the 
temperature of 46.68* F. tr* 

As this was the tempera- 
ture of the water sur- 
rounding the tube, the 
temperature of the gas 
may have been somewhat 
less ; but we use this value 
as exact. The isothermal 
prolonged intersecU the 
curve of saturation in 
m. 

To find the latent heat 
of evaporation at e, having 
the same volume as at a, 
it is necessary to find the 
temperature at this point. 
Make 

v = 20.7965 

and equation (857) gives 




P = 



91 



16920 



20.7985 (20.7985) »•" 

= 48758 r - 42.848 ; 

which substituted in equation (850) gives 

d19ft 
log (4.8758 r - 42.848) = 8.4079 - ^ ; 

.•.T = 426.6; .-. r= -84.0*F. 
p = 1828.7 lbs. per sq. foot 
== 12.7 lbs. per sq. inch ; 



Eq.(850) 

and equation (858) gives 



h. = 578.96. 



It was found above for this volume, 20.7985, that if p .«. r were con- 
stant down to the point of saturation, the latent heat would be 580.66, a 
value exceeding that Just found by only 1.70 thermal units— a difference 
in the right direction, and of reasonable amount This test being satis- 
factory, we now apply it to other states. 



BEFBIGEBATIOK. [164.] 

For the state immediately below #, on the curve of sataiation, we 

have 

V = 24.872, 

and with the same equations as in the preceding case, there results 

r= 420.4; . '. 1 = — 40*».26 P., 
p = 1581.1 lbs. per sq. ft = 10.6 per sq. inch, 
h. = 579.67 thermal units. , 

For state m, 

T = 507.24, or r = 46*.58 F. j 

and from the same equations 

p — 11988 per sq. ft. = 88.25 per sq. inch, 
V = 8.41 cubic feet, 
ht = 526.47 thermal units. 

For the state for which 

c = 8, 

we find 

r = 468.7; .•.r=8MF., 
p = 5279 per ft. = 86.8 per inch, 
h. = 550.52. 

Assuming the form of expression adopted by Regnault for the latent 
heat of evaporation of all substances, 

Ae=d-«r-/r», (869) 

and, using in it the data for the three last cases Just given, we have 

526.47 = d - 46.58 e - 21697/, 
550.52 = d - 8.1 « - 6561 /, 
579.67 = d + 40 « - 1600 /. 

These give 

d = 555.50, e - 0.61802, / = 0.000219, 

and equation (859) gives the following as 

A more convenient formvla for the latent heat of evapo- 
ration of am/monia : 

h. = 555.5 - 0.613 T - 0.000219 T". (360) 

The latent heat of ammonia vapor in the table at the end 
of the volume has been computed bj means of this formula. 
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165. Specific volume of liquefied ammonia. 

li the Yolnme of a pound of water be 0.016 of a cubic foot, 
then will the volume of a pound of liquid ammonia be, 
equation (351), 

* 0.6602 - O.OOOJ r" ^ ^ 

This formula is sufficiently accurate for temperatures be- 
tween —6® F. and 100® F. A mean value gives about 41 
pounds per cubic foot. 

166. Specific volume of ammonia gas. From 
equation (84), page 98, 

dr 

Since v^ is small compared with v^ it may be omitted, and 
by the aid of equation (350), after omitting the subscript ^ 
we have 

V =.- ^" . 1 (362) 

6.4993 p ^ ^ 

The volumes in the table of the Properties of Saturated 
Ammonia were computed from this equation. 

167. Isothermals of ammonia vapor. If the 

vapor be saturated, the isothermal will be parallel to the axis 
of v,a8^5. Fig. 74. 

li the vapor be superheated, the equation will be (357), 
after making r constant. It will be 

j,v = nr,-l^. (863) 

The general equation of vapors in which the last term is 
a function of v only, will be 
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168. Adiabatics of ammonia vapor. If the 

vapor be continually sa^iaraiedy the equation of the adiabatic 
will be (a) or {b\ page 184, or 

u^xv=^{oloff^-}- ?lAl) L!!., (365) 

r ^i ' K 

in which u is the volume of the vapor and liquid when only 
the OTth part of the liquid is vaporized ; but as, in our analy- 
sis, the volume of the liquid compared with the vapor is 
neglected, it really represents the volume of the a?th part of 
a pound of vapor; c is the specific heat of liquid ammonia, 
the experimental value of w^ch is 

0=1.22876. 

If the vapor he superheated^ then the first of equations 
(A)f page 48, and equation (364) give 

dS=z:K^dr + T?Ldv. 

V 



But for an adiabatic dB'=0; 




. jjr <? T dV, 








-7.= a-)' 




where «, and r, are inferior limits, and 




A-«- »1 


29725 


j; 778 X 0.8986 


\J»StV • M%M% 



(366) 



(867) 



To obtain an equation between p and v eliminate r between 
(366) and (864), giving 



[16», 170.] LIQUID AMMONIA. 836 

For ammonia gas, these become 



r= (1=) 



(869) 



the last of which is in terms of j> and r as variables. 

169« The specific heat of the saturated vapor of 
am^nonia Is negative. Equation (140), page 147, gives^ 
omitting terms containing r\ 

. _ . 655.5 

which is negative for all values of r less than 555^ absolute, 
or 96® F. ; hence, for the range of temperatures ordinarily 
used in engineering practice, the specific heat of saturated 
anuBonia is negative, and the saturated vapor will condense 
with adiabatic expansion, and the liquid will evaporate with 
the compression of the vapor, and when all is vaporized will 
superheat. 

Thus, in Fig« 84, if B Cshe the curve of saturation, and 
the vapor be compressed adiabaticallj from any point, as Cj 
on the curve of saturation, the adiabatic G I will rise above 
B Cj and if it be expanded from the same point it will fall 
below Cs. Equation (370) is the equation of C ly and 
(866) of OK, the part below C. 

170« Specific heat of liquid ammonia. As- 
sume the volume m Mj Fig. 84, of the pound of liquid to be 
constant at all pressures, and let Jfl? be the absolute pre»- 
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sure at the abeolute temperature r, B Cs^ the curve of satu- 
ration, D H,AG, B F, IK, adiabatics. 
Let the vapor be expanded from D at the 
pressure p and temperature r until it is 
all evaporated at state (7, thence com- 
pressed adiabaticallj to /, thence com- 
^^' ®^ pressed at constant pressure to A, where 

it is liquefied, thence by the abstraction of heat let the pres- 
sure be reduced to D ; then 

HDA G+GAIK^ HD CK+ D CIA. 

Let the temperature of ABhe r + dfr, and of /jr+e^r', 
for the vapor from B to /will be superheated, its temperar 
ture increasing with increase of volume ; then, if c be the 
specific heat of the liquid, 

BDA = Jcdr, 

DCIA =:vdpy 

BI)CK= Jh^, 

GAIir= GABF^FBIK, 

^JK+Jk^idr'-dr), 
Ag — Ag' = — d h^'y 

Equation (360) gives, since dr =z dT, 

- :i-^ = 0.6180 -f 0.000488 T. 
at • ' 

Trom equation (360) find 

-^ 4^=6.49922^! 
J dr T* 

Differentiating (371), after which change c2r iodr' and 
drop all subscripts in the second member, and (372) becomes 



e rr l.iaiM -t- 0.000488 r+ -^,- 



C- .™^ 0.5 0886 X 2.80 98 X 2196*^ 
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As this Investigation depends upon a comparativelj small 
range of volumes, from 11 to 24 (table on page 329), and 
assumptions in regard to the forms of the functions in equa- 
tions (350) and the first equation on page 330, it may not be 
very reliable for a large range of temperatures. We will 
compute a value for a volume within the limits of the table, 
and will take values given on page 331, viz. : 

V = 20.7985, T = 426.6, r= - 34° Y.,p = 1823.7 lbs., 
for which we find 

c = 1.093. 

The mean of eight determinations made by Dr. Hans von 
Strombeck, chemist, gave 

= 1.22876. 
The experimental value was determined when the tem- 
perature of the liquid was about 80° F, * 

Refrigekatino System wtth Vapor Continually Satu- 
rated. 

171. Work of the compressor and condenser. 

In Fig. 85 let ^ i^ be any adiabatic, p,, r, apply to J. J?, 
y„ r^io D Cj a?, the fraction of a 
pound of vapor at state E^ a?, at 
Fy a*, at A (when it is not zero), 
x^ at «/, F, the volume of a pound 
of vapor at J?, v, the volume of a 
pound under the pressure^, ; the' 
odd figures for subscripts belong- 
ing to the upper line, and the 
even to the lower. 

The work of compression from i^to Ey and of forcing it 
into the condenser from -fi'to ^, will be, equation (m), page 
192, 

?7'=^J?i^2> = c/[c(r-rJ+a?.A.,-«.Ae,]. (374) 
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In the expansion chamber the vapor expands against a re- 
sistance, reducing the pressure from p^ to p^ and tempera- 
ture from r, to r„ doing the work A D J^ and, assuming 
an adiabatic change, the expression for the work will be 
found by writing a?, for x^ and x^ for a?, in the preceding 
equation, since all the other quantities will remain the same ; 

.-. Z7^ = ^2>e7=./[o(r,-r,) + «.Ae.-aj,Ae.]. (375) 

After the vapor is forced into the condensing chamber, its 
specific volume is reduced by condensation from AE\fi A 
(and for the sake of generalizing the analysis we assume for 
the present that it is not reduced entirely to a liquid at A^ 
but that a?, has a finite value), and the heat emitted from the 
circulating fluid — and absorbed by the condenser — will be 
the area between EA and the indefinitely extended adiabat- 
\Q&AJ and E F^ or, 

H^ = J{x,-x^K,\ 

and the heat absorbed by the circulating fluid (ammonia or 
brine), which is taken from the refrigerating room^ will be 

-H, = -Jix,-x,)h„', (376) 

then, 

IT - Z7' = i?; - ^.. 

Since the cycle is Camot's, we have 

(x, - X,) Ae, _ (a?, —x,) A, 






(377) 






The efliciency, referred to the work done by the com- 
pressor, will be 
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• 



which is independent of the amount of liquid evaporated, 
as it should be. More heat, however, will be removed by 
the work of the compressor if all the liquid be evaporated 
tliat is possible and leave it continually saturated ; that is, 
if the fluid be vapor only at B ; and also if it be entirely 
condensed at A. These conditions require that a;. = 1 and 
a;, = ; and the equations for largest effect become ' 

Tr=.j]^o (r. - r.) + K, + X, A„]. (379) 

Vr =J^c (r. - r.) - w, A„]. (380) 

H, = JK,. (881) 

jy. = e/ (aJ.-aj,)A«. (382) 

H,^H, = J [Ae. - {x, - X,) Ae,] = Zr -- J7^.(383) 

Eq. (365), x^ = (^chg,'^ + ^^ )-^. (384) 

For a?» = 0, x, = c -p- log^ ^. (385) 
= 2.3026 c 4^ log,. ^. 

These formulas solve the theoretical part of the problem. 
The temperature of the circulating fluid in the condenser 
will be several degrees above that of the condensing 
water, depending upon the amount of condensing surface — 
say about 10° F. above ; and the temperature of the con- 
densing water will depend upon external circumstances, 
and may be 40° F. in winter and 60° F. to 70° F. in sum- 
mer. Also the temperature of the refrigerating room will 
be higher than that of the circulating fluid— say some 10° F. 
— depending upon the rapidity of the circulation and the 
amount of surface of the pipes. For the manufacture of 
ice, the refrigerating room is kept at a temperature of 
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about IS"* F., and that of the brine may be between 0'' F. 
and 5° F. 

172. Yolume of the compressor cylinder 

per n pounds of ammonia per stroke. 

Let F be the required volume in cubic feet and v the 
volume of a pound of ammonia gas at the lower tempera- 
ture, equation (362), then 

V—nv. (386) 

173. Volume of the compressor cylinder 

to produce a given refrigeratinff effect. 

Let \ be the thermal units abstracted per pound of 
ammonia, 

J = n^\^ the required number of thermal units to be ab- 
stracted — which will also be a measure of the 
refrigerating power, 

F, the volume swept over by the piston or pistons — con- 
sidered single-acting — per revolution, 

iT, tlie number of revolutions per minute, 

% the volume of a pound of ammonia gas at the lower 
temperature, 
then 

NY . 

.••^=4^. (387) 

174. Duty. The duty of a refrigerating plant may 
be referred to the number of thermal units required to melt 
one pound of ice. The latent heat of fusion of ice at the 
pressure of one atmosphere is 144 thermal units (page 89), 
and if \ be the thermal units abstracted by the circulating 
fluid per pound, then will the duty be 

Ice-capacity^ lbs. = ttt-« (388) 
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If referred to one pound of ooal fed to the furnace, then 



Pounds of 

circulating 

fluid per 

hour 



Specific 
lieat 



144 X pounds of f uei per hour. 



Range of 
tempers 
lure 



loe-melting capacity 
per lb. of fuel per = 
hour. Ibe. 

If w' pounds of coal evaporates W pounds of steain per 
hour, then 



P(nmd% of steam jper Jh. offudper hour = 
which may be used in equation (389). 



W 



IF J 



(390) 



EXERCISES . 

1. How many thennal units will be removed from the 
refrigerating room per pound of ammonia, the highest 
average temperature of the liquid being 62° F., and that 
after expansion — 1° F., the vapor being continually satu- 
rated, and the specific heat of the liquid 1.06 ? 

Omit 0.66 in the absolute temperature. 
PromEq. (860), /<.t = 556.1. 

- " (884),(l.06x2.m6^,og? + -^)^... = 0.9m 

1.06 X 2.3026 -^^ug, ^.=0.1125. 

ht = 455.16. 

That is, each pound of ammonia will carry away 455.06 thermal units. 
There must t>e taken into the compressor x\ = 93.08 per cent of vapi/r, 
and therefore 6.92 per cent of liquid. There must be a;« s= 11.25 per 
cent of liquid vaporized during the fall of temperature from 62** F. to 

— rF. 

2. In the preceding exercise if the ammonia cools a brine 
whose specific heat is 0.8, the lowest temperature of the 
brine being 8° F., the highest 15° F., how many thermal 
units will be removed by the brine per pound, and how 
many pounds of brine will be required to absorb the heat of 
one pound of the ammonia ? 
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The heat imparted to the brine raiaes its temperature 16 — 8 = 7° F. ; 
hence each pound will absorb 0.8 X 7 = 5.6 thermal units. 
The ammonia imparts to the brine, equation (382), 

A, = (xt - ir«) 550.1 ^ 454.06. 

Let s be the pounds of brine necessary to absorb this heat in raising its 
temperature one degree, then 

0.8X72 = 454.06; ^ 

. • . « = 81.17 pounds. 

When brine is used, larger pipes or greater velocity of the brine will be 
required than if ammonia only were used, and a lower temperature uf 
the ammonia will be required. 

3. What will be the efficiency in Exercise 1 1 
Equation (878) gives 

That is, far every thermal unit of work done by the eomiprteeor, 7.28 
Ihermal unite wUl he removed from ike cold room. If the work done by 
the compressor be expressed in foot-pounds, and the heat removed be hi 
thermal units, then 

728 
Jei= If- =0.0098. 

That is, for every foot-pound of work done by the compressor, 0.0098 of 
a thermal unit will be abstracted from the cold room. 

4. How many pounds of water will be required by tlie 
condenser per pound of ammonia if condensed to a liquid 
at 63° F.j the temperature of the water being increajsed 
from 50° F. to 64° F. ? 

The heat surrendered by the ammonia will be hx s= ^.i, equation (381); 
and since the specilic heat of water is unity, we have 

y = ~ = 86.9 pounds. 

6. How many cubic feet of water will be required in the 
preceding exercise, per pound of ammonia ? 

If less water is desirable, a greater range in its temperature must be 
allowed, and if a less range of temperature, then more water will be 
required. 
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6. What must be the volnme of a single-acting compres- 
sor cylinder in Exercise 1 that it shall compress^ of a pound 
of ammonia gas with each stroke ? Equation (386). 

7. In Exercise 1 find the highest and lowest pressures in 
the compressor. Equation (350). 

8. In Exercise 1 find the greatest and least specific vol- 
umes of the gas. Equation (362). 

9. In Exercise 1 find the external latent heat of evapora* 
tion at the higher and lower temperatures. (This will be 
JE>, i?, and^, v^— neglecting the volume of the liquid.) 

10. Find the negative work done by the compressor dur- 
ing one revolution and the positive work done by the one 
pound of ammonia in Exercise 1. 

Negative work, Eq. (879), IT = 856677. 

PosiUve work, Eq. (880), IT' = 8282. 

11. If a compressor have two cylinders of equal size, each 
single-acting, diameter of «ach piston 18 inches, stroke 24 
inches, ammonia gas entering at 0° F. and forced out at 62^ 
F., each 32 revolutions per minute ; how many thermal units 
will be removed from the cold room, no allowance being 
matde for losses and the ammonia gas continually saturated ; 
what the indicated horse-power of tlie compressor, tlie 
specific heat of liquid ammonia being 1.08 ? 

Also, if 15 per cent be lost on account of clearance and 
imperfect working of the compressor and 60 per cent of the 
remainder due to losses in the refrigerating room ; how 
many pounds of ice may be made from water at 62° F. 
cooled to 32® and frozen and the ice cooled to 24° F., the 
specific heat of the water being unity and of the ice 0.50? 

Revelations per hour n= 1920. 

Volume of each cylinder * X 81 X 24 ♦ 1728 cu. ft.. F = 8.588. 

Working vol. displaced by pistons per hour, cu. ft.. . 2 n F= 18567. 

Specific vol. per lb. of gas at O"" F., Eq. (362), cu. ft. . f> = 9.0. 

Weight of gas compressed per hour, 2 n F-^ c, lbs. . TT' = 1507. 

Liquid taken in per stroke, Eq. (884) a^ = 0.982. 
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Liquid evaporated to reduce temperature, £q. (385).. . «4 = 0.111. 

Latent licttt of evaporation at 0" F h^ = 555.5. 

Refrigeration per pound, Eq. <382), tliermal units. A| = 456.1. 

Condenser, heat removed, £q. (381) hi = 517.5. 

Work per revolution per pound, thermal units (Ai — A«) = 61.4. 

" minute, thermal units (A, - /*,) IT + «0 = 1542.3. 

Horse-power, 1543.8 + (38000 * 778) H. R = 86.86. 

Efficiency, Eq. (378) Et = 7.42. 

Heat removed from cold room per hour. W h% = 687400. 

Effectual heat removed. 0.85 X 0.50 X 687400 = 292145. 

Heat expended in freezing, per lb., 80 + i of 8 + 144, = 178. 

Ice per hour, 292245 + 178, lbs = 1(841. 

Ice per horse-power per hour, lbs. = 45.1. 

The IHP. of the steam-engine should be about 

86.86*0.6 KR= 60. 

Ice per IHP. would then be45.1 X 0.6 lbs 27. 

At 4 lbs. coal per IHP. per hour, lbs. of ice per Ih, 

coal = «.a 

12. If 120000 poands of brine pajssing through the cold 
room per hour has its teniperatnre increased 5.2° F., spe- 
cific heat 0.80, at an expenditure of 2000 pounds of steam 
generated by the burning of 2(X) pounds of coal ; how many 
pounds of water may be frozen at and from 32^ F. per pound 
of coal burned? Ans. 17. 

(This data is almost exactly that of an actual case.) 

Case in which the Gas is Superheated by Cohpressiok. 

175. Superheating. It will be seen from the pre- 
ceding exercise that the adjustment of liquid to vajxir, in 
order to insure the largest result per pound of ammonia 

r-i , must be delicate, and can hardly be 

^C^ realized in practice; we therefore will 
! jx» i^ow assume that, when the compressor 
. , i j cylinder is full, the fluid is all gas, with no 

^°m irit liquid present, and is superheated at state 

"^' C. In compressing it adiabatically, let 

the path be C L If (7 were on the curve of saturation, tlie 
vapor wpuld become superheated by adiabatic compression. 
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Let the state / be designated by accents, as v\ p\ r' ; 
and Chy double accents, as v'\p'\ x". 

The work of compression and of forcing the gas out of 
the compressor will be, by the aid of equation (368), 

=-i^'[(^-)-']-''4-"[^-A] 

='■■'-'■■■■■■•+"-?[(?■)- ']-it^-^] «»> 



= .L±i,.-o-f,'4?[(^)-.]. 

The last reduction -may be effected by finding from (868) and (866) 

p' V' -j>" V" = a (r' - n ^bQ,- },y (894) 

If the vapor be saturated at state/, and/-B be the adia- 
batic of superheated vapor, the value of the work/^ff A D 
will be found by substituting v^j r^ ^„ respectively, for v'\ 
r'',y, giving 



A 



/i»^z> = .l±-V-..-A-i±^[(0-x].(a».) 

If the vapor be superheated at state (7, its volume would 
be given by equation (364), p and r being given. If it be 
saturated, v^ will be given by equations (362) and (350) 
when either^ or r are given, this r being r, in (369), (370) 
and (371), when the initial state of the adiabatic of the 
superheated vapor is on the curve of saturation. 

Since £7 / is an adiabatic, equation (369) will give the 
volume v' at state I^ and (371) the pressure, for the temper- 
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atnre r'. This preseare is assumed to be constant during 
condensation ; during the first part, from I to Bj the con- 
densation is produced by a reduction of the temperature and 
volume, until .the temperature is tliat of saturation, r„ un- 
der the pressure /?„ while from ^ to J. the temperature and 
pressure are both constant, and the reduction of volume is 
effected by the condensation of vapor to a liquid. Assuming 
that the specific heat of the vapor is constant at constant 
pressure, then, for complete liquefaction, the heat abstracted 
in the operation I A will be 

A, ==c,(r'~r.) + Ae.. (396) 

Assume that heat is abstracted from the liquid at constant 
volume from state Aj reducing the pressure from p^ to p„ 
and temperature from r, to r, ; the path of the fluid will be 
A Dy and the heat so abstracted will he B D A G. If this 

£ ^ J heat be abstracted from the circulating 

•—4^ fluid in the cold room, then will the room 
1 1^ absorb that amount of heat, and in the 
I I evaporation and expansion af^rward an 

— iri — equal amount of heat must be supplied 
FIG. 87. f j-^m ^g ^1^ j.Q^,n ^i ^g lower tem- 

perature before any useful amount can be absorbed by the 
circulating fluid ; and it B Bj ghe the amount so absorbed 
we have 

JIB A G = BBjg. 

The heat emitted will be 

BBA G = c{r^ - r,). 

Let B BJ ^ be the latent heat of evaporation in the wfik 
part of a pound of vapor at the temperature r, ; then 

aj.A„ = c(r, -rO. , (397) ^ 

(This ^^ of Xm is the same a9 x« in (8S0), when «" s ; hat exceeds 
C4 in £q. (885).) 
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The refrigeration per pound per revolution will be 

= EDfF - HDjg + FfCK, 

= A- -"('•. - ^.) 4- «, (^' - ''.), (398) 

= A„ + c« (r, _ T.) - c (r, - r.) + c, (r" - t,), 

= h - c (r. - r.) + 0, (r" - r.), (899) 

in which r, is the absolute temperature of melting ice, and 
h the total heat of vapor above r„ Article 85, Eq. (93). 
Then equations (396) and (397), 

A.-A, = A,+^p(r'-i,)-A.,-^p(r"-r.) + c(r.-rO 
^ II DA IK ^ h^-^c^ (r"-r.) 
= DAIC; 

.-. U' =^J{h,-K\ (400) 

which is the equivalent of equation (391) or of (395). 
176. The efficiency will be 

EXERCISE. 

If the inferior absolute pressure of the ammonia be 29 
pounds per square inch, temperature when it leaves the 
cooling coils and enters the compressor, 36^ F., then com- 
pressed adiabaticallj to a temperature of 117^ F., then con- 
densed to saturation and to a liquid at the constant pressure 
corresponding to the 117° F., then admitted to the cooling 
coils and the temperature reduced to that corresponding to 
the initial absolute pressure, 29 pounds, then evaporated and 
heated to the initial state ; find the thermal units of refriger- 
ation and of condenaation, the specific heat of the liquid 
being 1.08 ; also the efficiency. 
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Retain reftalts only to the nearest tenth. 

Inferior temperature, £q. (850) r, = 45&7. 

Hence, T, = - 1 A 

Absolute temperature at state C. 4e0.« + 86 r' = 496.0. 

Superheating t' -^ r^ = 87.9. 

Greatest volume of a pound, Eq. (857) for p = 4176. «' = 9.8. 

At /. absolute temperature, 117 + 460.6 r' = 577.6. 

" volume, Eq. (869) v' = 2.4. 

" pressure, Eq. (870) jp' = 118. 

From J9 to ^, absolute temperature, Eq. (350). ... r, = 527.a 

Hence, T, = 67.3. 

Pall of temperature from -4 to 1> 7i — T, = 69.1. 

Heat absorbed during this fall of temperature 1.08 X 69.1 = 74.6. 

Latent heat of evaporation at ^ 1^9 P., Eq. (860). K» = 557. 

•' *' " '« •' 66.2, " " A., = 515. 

Heat rejected during condensation, Eq. (896) Ai = 540.a 

Refrigeration per lb , Eq. (398) A, = 600.7. 

Work done by the compressor, per lb., Eq. (400). U = 81198. 

Efficiency, Eq. (401) Ex = 12.5. 

177. Experimental Results. The following data 
and results are taken from the report of a test of a De La 
Yergne refrigerating plant by Messrs. B. M. Anderson and 
C. H. Page, Jr., having a nominal ice-melting capacity of 
aboat 110 tons in 24 hours. It was in its everyday work- 
ing condition and was run at about two-thirds its ordinary 
capacity. Only the ice plant was involved in the experiment 
It consisted of two single-acting vertical compressor cyUnders, 
driven by a horizontal double-acting Corliss engine, as shown 
in Fig. 80, a feed pump and a condenser. The test waa 
during 11 hours and 30 minutes. Two tests ^ere made 
of the boilers, as the first indicated such high efficiency 
it was considered advisable to check the results. It will 
be seen that the second test also gave a high efficiency. 
The second test was during 12 hours. All the instruments 
used in the test were carefully standardized. (Thesis 1887.) 

Fuel, Fubkacb akd Boilbrs. 

There were two double return flue boilers arranged to run, automati- 
cally, between 60 lbs. and 70 lbs. preMSure (gauge). 
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Fuel Lehigh nut (anthracite), heat of combustion, B. T. XT.. . . 12239.6. 

Coal for 12 hours, lbs 4422. 

Wood for starting 877 lbs. 0.4 coal equivalent, Ibe 150.8. 

Coal, total equivalent, lbs 4572.8. 

Unburnt coal, lbs 125.0. 

Coal consumed, lbs 4447.8. 

Combustible, total, lbs 8577.8. 

Coal burned per hour, lbs 870.65. 

Heat in 860.65 lbs. of coal, 360.65 X 12220.6 B. T. U 4582901. 

Coal per H. P. per h. (2d test, H. P. was 102.92) 8.6018. 

Purnace. grate area, sq. ft 89. 

Ratio of heating surface to grate surface 85.68. 

Boilers, heating surface, sq. ft : 1889. 

Water fed per hour, lbs 8559.7. 

Evaporation per lb. coal fired, lbs 9.841. 

" " " " from and at 212' 9.957. 

'• *' •* consumed 9.601. 

•' " " •' from and at 212' 10.226. 

M « combustible, from and at 212" 12.708. 

Average gauge pressure, lbs 66.0. 

Temperature of fire-room, deg. F 81. 

Average temperature of flue boiler, deg. F 819.28. 

'• feed- water " " 180.2. 

Total heat in 8559.7 lbs. steam above 180^2 F., B. T. U. . . 8661468. 

866146800 

Efficiency of furnace and boiler, per cent, ^^^ = 80.7. 

Ekginb (Corliss). 

Piston, diameter of, inches 82. 

** stroke " *' 86. 

" speed per minute, mean, ft • 194.988. 

Revolutions per minute, average 81.720. 

Average indicated horse-power 91.18. 

Water consumed per IHF. per hour, lbs 84.104. 

Steam per IHP. per hour, lbs. 25.79. 

Steam condensed in the engine, per cent 24.85. 

Average ratio of expansion 5.807. 

Steam consumption by the feed-pump per hour, lbs 50. 25. 

" '• engine per hour, lbs 8509.45. 

Total heat in 8509.45 lbs. steam above 180".2 F., B. T. U. . . . 8609479. 
Heat changed to work per h.. B. T. U., 102.92 X 1980000 ♦ 778 = 261980. 

Efficiency of fluid ^^\^^ ^•^*^- 
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Coal per I.H.P. per hour for engine aodimmp 8.60. 

CombiMtible for I.H.P. jiecJimir.'lbe. 3.W. 

COHPBEaBOR. 

Number of cylinders, single-acting 2. 

Length of stroke, inches 86. 

Diameter of pistons, each, inches 18. 

Area head end of pistons, each, sq. in 254.47. 

Average number of revolutions per m 81.730. 

Piston dispiacement per stroke, cu. ft 5.801. 

•* hour, both, cu. ft, 30179. 

Volume of sealhig oil per hour, cu. ft 14S.8. 

Volume filled with gas per hour, both, cu. ft 30086. 

Indicated horse-power, mean 76.0803. 

Heat eq. of work by compressor per hour, B. T. U 198645. 

198645 
Efficiency of compressor from coal as»2M1 " ^•^^^^• 

" mechanism 0.755. 

Temperature of ammonia entering compressor, Deg. F 57.7. 

leaving " " 116.1. 

Absolute pressure entering compressor, lbs.. 38.88. 

leaving " '• 188.01. 




CbnvjoresQor- 
jB 



Jitmosp7ter.iayH7xe . 



VbLOLLVtrrbJLiimey 



Fto. 88. 

Fig. 88 is an exact copy of one of the indicator cards taken from one 
of the compressor cylinders. The lines nearly vertical at the upper part 
of the diagram an due to the oscillations of the indicator spring. 



[177.] 



£XP£BIM£NTAL RESULTS. 



851 



Rbfbigbration. 

Pressure in cooling coil, lbs. absolute d8.88. 

Hence, temp, of liquid, Deg. F — 2.0. 

Temp, compressed gas, Deg. F 116.1. 

•• of gas entering the compressor, Deg. F -W.7. 

Rise of temperature due to compression, Deg. F 58.4. 

Latent heat of evaporation of 1 lb. at — 2.0 F. £q. (858) 665.6. 

Superheating in cooling coils, 87.^ F. , B. T. U 19.27. 

Fall of temp, of liquid in cold room, Deg. F 69.4. 

Heat imparted to cold room by this fall, 1.08 X 69.1 74.95. 

Heat removed from cold room per lb., 566.6 + 19.27 — 74.96 ss 609.92. 

Ammonia evaporated per hour, lbs 1669.5. 

" '• B.T.U 851811. 

" Ice-melting capacity" per hour, lbs 5995. 

for 24 hours, tons (each 2000 lbs.) . . . 71 .95. 

perlHF. per hour, lbs 65.79. 

*' lb. of coal (8.6018 per HP.), lbs. . . 16.26. 

" 10 lbs. steam (182.6 -•- 9 601) lbs. . 19.02. 
" lb. combustible (65.79 -^ 2.91), lbs. 22.61. 

" lb. ammonia evap , lbs 8.59. 



Bfficiekcibs. 

Efficiency of furnace and boiler (see above) 0.807. 

steam utilized by engine (see above) 0.0721. 

engine referred to coal .' 0.0682. 

compressor referred to engine (see above) 0.756. 

" coal (775 X 0.0582) 0.0489. 

refrigeration referred to compressor 100045 ^ ^'^' 

" '* IHP. of engine 8.81. 

•• boiler.... 8.67 X 0.0648 = 0.288. 

"coal 0.286 X 0.807 = 0.192. 

that is, for every thermal unit in the coal there was abstracted 0.19 of a 
thermal unit from the cold room. 

In actual ice-making, only about 30 to 45 per cent of the 
pounds of ice-melting capacity can be produced a&hard ice 
suitable for commercial purposes, gi^g^ in this case, be- 
tween 5.0 and 7.5 pounds of hard ice. 

The experiments of Professor M. Schroter gave from 19.1 
pounds to 87.4 pounds of ice (net) per hour per indicated 
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horse-power of the engine. (One result is given as 48.8 
ponnde, but tlie test was of too short duration to be reliable.) 

If 4 pounds of coal were used per H. P. per hour, then 
there would be produced about 4.8 to 9.3 pounds, net, per 
pound of coal consumed. 

Ledoux remarks that manufacturers estimate about 56 
pounds per horse-power per hour measured on the driving- 
shaft ; hence, if the delivered power be 0.80 of the indi- 
cated, this would be equivalent to about 45 pounds of ice 
per indicated horse-power. M. Schroter's tests, and the 
following, by Mr. Shreve, show that this is too high, if 
commercial ice is intended. 

The amount of ice made depends upon many conditions : 
as, clearances in the cylinders, friction of mechanism, speed 
of engine, losses along the pipes, losses in opening the valves, 
leakage, losses by unavoidable radiation, losses at cans b]> 
water unfrozen and ice cleavages; and, these being con 
sidered, it seems advisable, in designing, to assume less thaik 
one-third the pounds of ice-melting capacity for the probable 
pounds of commercial ice to be produced. 

178. Test of an ice-making plant. An ice- 
making plant of the Cincinnati Ice Manufacturing & Cold 
Storage Co. was tested in 1888, by Messrs. A. L. Shreve 
and L. W. Anderson, chiefly to determine the amount of 
solid ice which could be manufactured in 24 hours with the 
plant running under normal conditions. The plant con- 
sisted of two 25-ton (nominal) and one 50-ton ice-machines, 
boilers, pumps, etc., used in actual ice-making. While the 
machinery was doing its regular work, at a certain hour, 
the steam pressure was observed to be 75 pounds (gauge), 
and all the conditions of the furnace, engines, and plant 
generally were observed, and the conditions continued as 
nearly uniform as possible for 24 hours, during which time 
108.87 tons (of 2000 lbs.) of ice were draMm, from which 
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should be deducted nearly a ton on account of the terminal 
condition being slightly different from the initial. The 
actual ice weighed out at 75 pounds' steam pressure, then, 
may be taken as 216,000 pounds. 

The engines were not tested at the same time, so tliat the 
ice per horse-power was not definitely known ; but an inde- 
pendent test of the boilers and engines was made prior to 
the " capacity " test given above, from which it appears that 
at 75 pounds' pressure, the three engines developed about 
415 indicated horse-power ; according to whicli 21 pounds of 
solid ice were weighed per indicated horse-power per hour. 
The actual amount may have been several per cent more or 
less. The machines were new and bearings large, and the 
engine and compressor absorbed an average of about 52 per 
cent of the indicated horse-power of the engine. 

Absorption System. 

179. The absorption system depends upon the 
fact that water will absorb many times its volume of am- 
monia gas ; at 59° F. it will absorb 727 times its volume. 
This is a chemical action, and therefore generates heat. Ac- 
cording to Favre and Siiberman, 925.7 B. T. U. will be 
developed for each pound of gas absorbed. This action is 
substituted for the compressor in raising the temperature of 
the ammonia after leaving the cold room. According to 
Carius, the coefficient of solubility of ammonia gas in water 
is represented by the empirical formula {t being Deg. C.) 

fi = 1049.62 - 29.4963 t + 0,676873 f - 0.0095621 <•; 
according to which the solubility diminishes as the temper- 
atm*e increases and soon reaches a condition at which it 
ceases to act ; and to insure continuous working the absorp- 
tion chamber is cooled by water externally. 

The process is illustrated in Fig. 89. A solution of aqua- 
ammonia being in the generator A and heated by means of 
steam passing through coils in this chamber, the vapor of 
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FIG. 89. 

ammonia is generated and rises, passing through tortndas 
ways in the analyzer C ; thence to the condenser D, The 
steam wliich riises in the analy^cer C is partly condensed 
as it approaches the upper end of the vessel and f alU back 
to the generator, and that which passes into the coils over 
D is led back by the ammonia drip, so that nearly pure 
ammonia gas enters the condenser D. Here the ammonia 
is at its highest pressure and temperature, and its state may 
be represented by B^ Fig. 90, or by the upper right-hand 
comer of the indicator diagram of Fig. 88. The ammonia 

gas passes through coils of pipes 
in the condenser, about which 
circulates water; the ammonia 
being condensed to a liquid under 
a constant pressure, the path of 
the fluid being represented by 
B A, Fig. 90. The liquid passes 
to the lower part of the coils, 
or to a receiver especially provided, and thence through 
a cock, by which the reduction of pressure is regulated aa 




FIG. 90. 
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it passes into the cooler H. The reduction of pressure is 
represented by A 2), and of evaporation during the expan- 
sion by D e/. The liquid and a small amount of saturated 
vapor is now in the cooler H^ where the liquid vaporizes, 
absorbing heat, the operation being represented by J Cj 
Fig. 90, or the corresponding line in Fig. 88. The brine, 
which circulates in the cold room, is cooled by tlie cold am- 
monia as it passes through the cooler. 

During the process of cooling the brine, the liquid am- 
monia becomes a gas. The gas passes from the cooler ^to 
the absorber JT, the pressure in -ff^ being kept a little lower 
than in H by the ammonia pump, shown at the right, which 
draws its supply from -ff'and forces it into the generator A, 
Into the absorber K^ water is forced and absorbs a large 
volume of the gas, as stated above, generating heat, the oper- 
ation for which being represented by C -ff. Fig. 90, or the 
compression line in Fig. 88. In this system pure water is 
not used in the absorber, but instead thereof, water is drawn 
from the lower part of the generator A by the pipe Z, con- 
tiining but little ammonia, the mixture being called ^' weak 
ammoniacal liquor." By the absorption of the gas, strong 
aquarammonia is formed, which is pumped back into the 
generator, and the operation repeated. 

It will be seen that the operation completes a cycle, and 
that the changes in the states of the ammonia are similar to 
those in which a compressor is used ; hence, if there were 
no losses of heat, except those described, the eflSciency would 
be the same. 

The vessel K is kept sufficiently cool to facilitate the 
chemical action by means of water flowing over it. 

ISO. Test of absorption plant. Professor J. 
E. Denton made a seven days' continuous test of an absorp- 
tion plant with the following results.* Every element en- 

• Trana. Am, 8oc. Mtdt, JShtg., Vol. X , May. 1889. 



356 



REFRIGERATION. 



[180.] 



tering into the problem was, 08 far as practieabUy directly 
fAieasured. 



Average pressares, above atmosphere, generator, lbs. per. sq. in. 

steam, *• ** '* 
cooler, *' *' 
absorber, •* *' 

Average temperatures, Deg. F., Qenerator 

Condenser, inlet 

outlet 

• '* range 

Brine, inlet 

•' outlet 

" range 

Absorber, inlet 

outlet 



" range 

Heater, upper outlet to generator 
** lower " absorber. 

•* inlet from absorber . 

Inlet from generator 

Water returned to main boilers.. 

Steam per hour for boiler and ammonia pump, lbs 

Brine circulated per hour, cu. ft 

*' ** " " pounds 

" Specific heat. 

" Heat elimhiated per pound, B. T. U 

" Cooling capacity per 24 hours, tons of melting ice 

per pound of steam, B. T. U 

" Ice-melting capacity per 10 lbs. of steam, lbs 



150.77. 

47.70. 

28 68. 

23.4. 

272. 

54|. 

80. 

25i. 

21.20. 

16.14. 

5 06. 

80. 

111. 

81. 

212. 

178. 

132. 

272. 

260. 

1986. 

1683.7. 

119260. 

0.800. 

4.104 

40.67. 

243. 

17.1. 



Calorics, refrigerating effect per kilo, of steam consumed 135. 

Heat rejected at condenser per hour, B. T. U 918000. 

** absorber " •* " 1116000. 

* ' consumed by generator per lb. of steam condensed, B. T. U. 982. 

Condensing water per hour, lbs 86000. 

Condensing coil, approz. sq. ft. of surface 870. 

Absorber '^ " *' " " " 350. 

Steam " " ** *' •• " 200. 

Pump, Ammonia, dia. steam cyl., in 9. 

** '* " ammonia cyl., in 8f. 
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Pump, Ammonia, stroke, in 10. 

'* revolutions per minute 22. 

Brine, Bteam cyl., diam.. in ^.... 9^. 

" brine cyl.. " 8. 

stroke, in 10 

revolutions per m 70. 

Eff^tive stroke of pumps 0.8 of full stroke. 

ISOa. Sulptur Dioxide, SO, (or Snlphurons Acid). 
The following relations have been found for this acid : 
Specific heat of the vapor, 0.15483. 
« " " " Kquid, 0.4. 

Relation between the pressure and temperature of the 
saturated vapor, 

7 K oooA 1*39.0 235629 , , 

logp = 5.2330 ^ — • {a) 

Equation of the gas, or superheated vapor, 

^„ o^ 2457.45 ,,, 

j>t; = 23.87r-— p^. (J) 

Latent heat of vaporization, 

A. = 171.26 - 0.26605 T - 0.0013796 T\ (c) 

Volume of a pound of the saturated vapor, 

_ 778 K L4-V 

"^ 2.3026 ' j^3g 465318 ' J>'^ '' (rf) 



Yolume of a pound of the liquid, 

0.016 
r84 - 0.001 
{Trans. jSoo. Mech. Eng.^ 1890.) 



- 0-016 f\ 

^' "" 1.484 - 0.0015659 T ^^^ 



CHAPTER VI. 

COMBUSTION 

181. Essential principle. Carnhugtiofij chemi- 
cally speaking, is the combination of chemical elements 
producing heat. Burning^ popularly speaking, is the re- 
sult of a rapid combination of oxygen with other ele- 
ments. Carbon and hydrogen are the chief elements of the 
fuel used for engineering purposes. Sulphur, another ele- 
ment, is frequently present, but is comparatively of little 
value. 

When two substances unite chemically, forming a sub- 
stance different from either, it is said that a chemical affinity 
exists between them. The difference between a mechanical 
mixture and a chemical combination may be illustrated in 
the case of gunpowder. The process of manufacture makes 
a mechanical mixture of charcoal, sulphur, and nitre, but if 
the gunpowder be fired a chemical combination results and 
a large volume of gas is produced, generating a large 
amount of heat and developing a strong elastic force ; and 
the original substance entirely disappears and new sub- 
stances composed of different combinations of the original 
elements are formed. 

Dejmite proportions. In every chemical compound a 
definite and unvarying proportion of its elements, exists 
among themselves. 

For instance, in water there is always 8 times as much 
oxygen by weight as there is of hydrogen, so that in 100 
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pounds of water there is 88.8 pounds of oxygen and 11.1 
pounds of hydrogen. Any chemical compound of oxy- 
gen and hydrogen in other proportions would be a sub- 
stance entirely different from water ; or, if in the 100 parts 
there were some other element, as carbon, the substance 
would also be different from water. 

The chemical equwcdent or atomic weight is expressed by 
a definite number, and the chemical principle of definite 
proportions may be expressed in the form of the two follow- 
ing laws : 

1. The proportions by weight in which substances com- 
bine chemically can all be expressed by their chemical 
equivalents, or by simple multiples of their chemical equiva- 
lents. 

2. The chemical equivalent of a compound is the sum of 
the chemical equivalents of its constituents. 

Perfect gases at a given pressure and temperature com- 
bine in proportion to their volume. 

Neglecting fractions the following are the chemical 
equivalents for the principal elementary constituents with 
which we have to deal in fuel and air : 

TABLE I. 





STmboI. 


Chemical equivalent 




Bj weight 


By volame. 


Oxvffen.. 




N 
H 

S 


16 

14 

1 

12 
82 


1 


yL^Joy"** ••••••••••••••• 

Nitrogen 


1 


Hydrogen 

Carbon 


1 


Sulphur 









The composition of a compound substance is indicated by 
writing the symbol of the elements one after the other, and 
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affixing to each symbol, in the fonn of a subscript, tne num- 
ber of its equivalents which enter into one equivalent of the 
compound. Thus, water contains two chemical equivalents 
of hydrogen to one of oxygen, and is indicated by the ex- 
pression H, O ; and the constituents by weiglit will be 2 II 
+ 16 O. Similarly, C 0„ carbonic acid, contains one equiva- 
lent of carbon and two of oxygen, and by weight 12 C + 
32 0. 

The following table gives the composition of several sub- 
stances : 

TABLE 11. 



Nune. 



Air 

Water 

Ammonia 

Carbonic oxide. 

Carbonic acid 

defiant gas 

Marsh gas or fire-damp. 

Sulphurous acid 

Sulphuretted hydrogen. 
Bisulphuret of carbon. 



r4 
III 



H.O 

NH, 

CO 

CO, 

C.H4 

CH4 

8 0. 

SH, 

S,C 



N77 
H2 
H8 
C12 
C12 
C12 
C12 
S 82 
S 82 
S 64 



028 
16 
N14 
16 
82 
H2 
H4 
082 
H2 
C 12 






100 

18 
17 
28 
44 
14 
16 
64 
84 
76 






N 79 O 21 
HB-f O 
H8 + N 
C + 
C--02 
C + H2 
C--H4 



ll 
Is 



100 
2 
2 
2 
2 
2 
2 
2 
2 
2 



Air is not a chemical compound, but a mechanical mixture of nitrogen 
and oxygen. 



182, The heat of combustion of one pound of a 
substance combining with sufficient oxygen to completely 
bum it has been found by experiment. The usual process 
isto surround a small furnace with a quantity of water so 
arranged as to prevent the escape of heat ; the increased 
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temperature produced in the water by the burning of each 
pound of the fuel in the furnace being a measure of the 
" heat of combustion." The results of the experiments of 
Favre and Silberman are given in the following table : 

TABLE III 

Showing the total quantitibs of heat eyolvbo bt thb com- 
flbte combustion op one pound op combustible with oxygen ; 

ADAPTED FROM THE RESULTS OBTAINED BY FaVKE AND SlLBEU' 
MAN. The UNIT OF WEIGHT fN THIS TABLE BEING ONE POUND, 
AND THB UNIT OF TEMPBRATURB ONE DEGREE FaHR. (FROM 89"* 
TO 40'). 



Sabstance. 



Fonnala. 



Product 



Units of 
heat 



GAbBS. 



Hydro^n 

Carbonic oxide. 

Marsh gas 

Olefiant gas.... 



LIQX7IDS. 



Oil of turpentine . . . 

Alcohol 

Spermaceti (solid).. 
Sulphate of carbon. 



H 

CO 
CH4 
C,H4 



CmH, 
C, H. O 



H.O 
CO, 

CO. & H.O 
CO.&H. O 



CO.&H. O 
C0.&H.0 



SOLIDS. 

Carbon (wood charcoal) 

Gas coke 

Graphite from blast furnaces 

Native Graphite 

Sulphur (native) 

Phosphorus (observed by Andrews.). 



C,.H.4 0,C0.&H. O 
C S. O. & S O. 

jCO 

Ico. 



SO. 
P.O. 



4,825 
23,513 
21,848 



19,533 

12.981 

18.616 

6422 

4,451 
14,544 
14,485 
18.972 
14,085 

4,048 
10,715 



The heat units in a pound of fuel will be nearly the sum 
of the heat units of combustion of its constituents. Take, 
for example, olefiant gas : According to Table II. the 
chemical equivalents by weight are 14, of which 12 are carbon 
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and 2, hydix^n ; or» ^ of the compound is carbon and \ 
hydrogen. Then, from Table III., we find 

+ lb. H gives I of 62032 = 8862 B. T. U. 
^ lb. carbon gives | of 14554 = 12475 « " " 

Total = 21337" " " 

which is only 6 thermal nnits less than the value given in 
the table, as deduced from experiment. 

If the principal constituents are carbon, hydrc^n, and 
oxygen, it is fonnd that the total heat of combustion in 
B. T. U. will be given nearly by the following formula : 

h = 14500 {C + 4.28 {H -iO) ), 

in which 4.28 = , reduces the hydrogen to an equiva- 

lent of carbon, and i is deducted from the hydrogen, for 
it is assumed that the oxygen present unites with the hydro- 
gen, forming water. Such substances are called hydro- 
carbons. 

The total heat of combustion is usually computed from 
its chemical analysis, as shown on page 261. 

The following table gives the total heat of combustion of 
certain fuels (see Journal of United Service Institvtiony 
Eng., Vol. XI., 1867 ; Box On Beat, p. 60). The speci- 
mens were of the best quality, and are too high for ordinary 
practice. Commercial coal of similar grade would be about 
0.7 to 0.8 of these values. Commercial Lehigh (anthracite), 
analyzed at the Institute, gave 12229 B. T. U. 
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TOTAL HSAT OP CO>CBU8TION OF FUEL. 



! 




1 


c. 


H. 


0, 


0.93 






OM 






0.88 






0.S3 




0.9150.035 


0.026 


0-90' 0.04 


0.03 


0.87t OM 


0.03 


0.800 054 


0,016 


0.77i 0.1)5 


tUJ6 


0.88|0,0ri2 


0.054 


o.8i!o.ir,2 


0,04 


0.84 


0.056 


0.0« 


0.77 


0.052 


0.15 


0.70 


0.05 


o.ao 


0.58 


0.06 


0.31 


0.50 






0.84 


016 





0.85 


0.15 






L CuAMCOAh — from wood 

'* fruai p«Hl,,. .. 

II. COKB— good 

middling. ... 

bad , 

III. Coal— 
I , Aiitbrucita ...*...*.,.,....««.•. 

3. Dry bitumtnaufl 

a. ** ** , 

4. " *' .,,. 

5. " " 

6. Caking 

7. " 

8. Cannel * , 

9. Dry long flaming 

10. Lignite 

rV. PKAT—dry . 

** containing 26% moisture. 
V. Wood— Dry 

" containing 20^ moisture. 
VL Mixer AL Oil — 

from 

to 



105:15.7.1 
1.00 15.9 
1.02,5 15.4 
1 03 15 3 
0.951435 



1.075 
1.01 
1.04 



12760 
11890 

15225 
15370 
14860 
14790 
13775 
15837 
14645 



l!i,0 

15.15 

ITh 6115060 

18195 

11745 

9660 

7000 

7245 

5600 

21980 
21735 



0.91 


18.65 


0.81 


12.15 


0.66 


10.0 




7.25 


0.50 


7.5 




5.8 


1.52 


22.7 


1.49 


22.5 



183. The incombustible matter is called ash. 
The principal ingredients of ash are shown in the following 
analysis, which is from the geological survey of Ohio : 

Bituminous coal. Percentage of ash, 5.15. 

Silica 68.75 

Alumina. . 85.30 

Sesquioxide of iron 2.09 

Lime 1.30 
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Magnesia 0.68 

Potash and soda 1.08 

Phosphoric acid d.l8 

Sulphuric acid.... 0.24 

Sulphur, combined 0.41 

I 

90.88 
The proportions vary greatly with different fuels. 

184. Air required for conibustion. Consider 
pure carbon. The chemical equivalent of oxygen is, ac- 
cording to Table I., || of that of carlwn. If the carbon be 
completely burned, C O^ is formed, so that the proportion 
by weight will be ff of oxygen to 1 of carbon. According 
to Table II., 0.23 of the air by weight is oxygen ; hence 

Weight of air per lb. of carbon = iJ -f- 0.28 = 12 lbs., neariy. 

If the compound contains carbon, hydrogen and oxygen, 
we will have, nearly, 

Weiffht of air per Ih. fuel = A = 12 C + S6 (//- i 0). 

The following table, computed from this formula, is given 
by Rankine. 

TABLE V. 



Fdbl. 



I. Charcoal— from wood 

" from peat. . 

II. Coke— good 

III. Coal— anthracite 

** dry bituminous. . 

** caKing 

«« it 

'* cannel 

" dry long flaming 
** lignite 

IV. Peat— dry 

V. Wood— dry 

VI. Mineral Oil , 



c. 


H.' 


o. 


0.98 






0.80 






0.94 






0.915 


0.085 


0.026 


0.87 


0.05 


0.04 


0.85 


0.05 


0.06 


0.75 


0.05 


0.05 


0.84 


0.06 


0.08 


0.77 


0.05 


0.15 


0.70 


0.05 


0.20 


0.58 


0.06 


0.81 


0.50 






0.85 


0.15 






11.16 

9.6 

11.28 

12.18 

12.06 

11.78 

10.58 

11.88 

10.82 

9.80 

7.68 

6.00 

15.65 
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Besides the air necessary to furnish the oxygen, some is 
required for dilution, so as to secure a more free access of 
air to the fuel. The above table shows that about 12 pounds 
of air is required per poimd of fuel, and experiment indi- 
cates that from 1^ to 2 times this amount is required in the 
furnace for combustion and dilution. An excess of air 
causes a waste of heat by transporting an unnecessary amount 
of heat up the chimney, and a deficiency causes imperfect com- 
bustion. Forced draft requires less air than a natural draft. 

185. Forced draft. Most American sea-going steam- 
ers have boilers designed to bum anthracite coal with natural 
draft, and 5 to 5^ pounds of coal is burned per horse-power 
per square foot of grate. Torpedo-boats, with bituminous 
coal and forced draft of 6 inches of water, may burn 96 
pounds per square foot of grate. 

In a furnace in which 19 pounds of anthracite coal were 
burned, a forced draft by means of a screw revolving in the 
chimney was introduced, causing a burning of 38^ pounds 
of coal, and a production of 80 per cent more steam than in 
the former case. In 1847 Kobert L. Stevens introduced 
the plan of air-tight fire-rooms, by which means a forced 
draft was produced by forcing air into the room occupied 
by the firemen. 

186. Temperature of fire. If the volume be con- 
stant, as in case of an explosion in a closed vessel, then will 
the rise of temperature be given by equation (37), page 55 ; 
but if the pressure be constant, as in the ordinary furnace, 
then will it be given by equation (38). 

Take the case of pure carbon burned with 24 pounds of 
air. The total heat of combustion will be. Table III., 14544 
thermal units. This heat is expended in heating 25 pounds 
of matter, of which 24 pounds is air, whose specific heat is 
0.238, and one pound of carbonic acid gas, whose specific 
heat is 0.217. Call the specific heat of the mixture 0.237 ; 
then 
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25 X 0.237 

The only measurement with a pyrometer which has come 
to my notice gives a much lower temperature than is found 
by this formula. 

187. Heigrht of chimney. The height of the 
chimney to produce a natural draft must be such that Ae 
difference between the weight of a column of the hot gases, 
having one square foot for its base and height equal to the 
height of the chimney, and that of a column of equal height 
of external air, shaD produce the required velocity of air in 
the chimney. 

Let w^ be the weight of fu§l burned in the furnace per 

second, 
F„ the volume of the air at 32° supplied per pound 

of fuel burned, 
r,, the absolute temperature at 32^, 
Aj the area of the cross-section of the chimney, 
m, J. -r- perimeter of chimney, 
r., the absolute temperature of the gases discharged 

from the chimney, 
Wy the weight of a cubic foot of the hot gases, 
ly the length from the furnace to the top of chimney, 
Uy the velocity of the current in the chimney per 

second ; 
then, if 24 pounds of air be supplied per pound of fuel, 
F; = 25 X 12 = 300 cu. ft. 

u A =^ w^V^-^ =^ volume of gases per second ; 



«) = Is (0.0807 + i). 
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According to Peclet, the head to produce the Telocity u^ 
for 20 Ibfl. coal burned per aq. ft of grate per hour will be 

^g\ ^ m J 

Having A, the height of the chimney may be found. 

Let II be the height of chimney, 
r,, the absolute temperature of the external air ; then 

Weight of the column of air = 0.0807 . ^ B. 

« « " " « gases = (o.0807 +^)J»-^. 
« « a oolamn of gases of length A 

= (0.0807+ ^J J* A; 

. • . fo.0807 + J^) -* (i7 + A) = 0.0807 -• H ; 
V ' 300/ t/ ' '^ T, ' 

. H = —A 

0.96 -' - 1 

The weight discharged per second will be 
«»« = !• (0.0807 + i.) VA|/. 



^9 



= constant 



i/o.96 ^' - 



13 + ^-:^^ 
' m 



This will be a maximum for 

r =Jl- = 2lr ; 

' 0.48 12 •' 

that is, the best chimney draft takes place when the abeolvis 
temperature of the gas in the chimney is to that of the ex- 
ternal air as 25 to 12. 
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This in the preceding equation gives 

In the solution for a maximum, I is considered constant, 
an assumption which affects the result by only a small 
amount. 

The height of a chimney is often detennined by sur^ 
rounding circumstances, and sometimes by imagined con- 
ditions of future use ; and in such cases are not subject to 
computation. 

In ordinary practice chimneys are from forty to one hun- 
dred and twenty feet. Above one hundred feet the effect 
of additional height is comparatively small. 

The tallest chimney of which we have knowledge is 441.6 
feet high, eleven feet and a half in diameter at the base, 
and ten feet at the top. It was built by the Mecheraich 
Lead Mining Co. (Van Nostrand's Mig. Mag,^ 1886, page 
264). For dimensions of large chimneys, see Van Nostrand's 
£kg. Mag.^ September, 1883, page 216 ; also Trans. Am. 
Soc, Civ. Engineers^ 1885 ; also No. 1, Science Series^ by 
D. Van Nostrand. 
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(Extract from an article by the author in the Philosophical Magasdne for • 
November, 1886.*) 

THE LUMINIFEROU8 ETHER 

Two properties of the luminiferous ether appear to be known and 
measarable with a high degree of accuracy. One is its ability to transmit 
light at the rate of 180800 miles per second,! and the other its ability to 
transmit from the sun to the earth a definite amount of heat energy. 

In regard to the latter, Herschel found, from a series of experiments, 
that the direct heat of the sun, received on a body at the earth capable of 
absorbing and retaining it, is competent to melt an inch in thickness of 
ice every two hours and thirteen minutes. This is equivalent to nearly 
71 foot-pounds of energy per second. 

In 1888 M. Pouillet found that the heat energy transmitted from the 
sun to the earth would, if none were absorbed by our atmosphere, raise 
1.76 grammes of water 1^ C. in one minute on each square centimeter of 
the earth normally exposed to the rays of the sim.t 

This is equivalent to 83.5 foot-pounds of energy per second, and is the 
value used by Sir William Thomson in determining the probable density 
of the ether. § Later determinations of the value of the solar constant by 
MM. Sorret, Crova, and Yiolle have made it as high as 2.2 to 2.5 calories. 
But the most recent, as well as the most reliable, determination is by Pro- 
fessor S. P. Longley, who brought to his service the most refined ap- 
paratus yet used for this purpose, and secured his data under favorable 
conditions ; from which the value is found to be 2.8 ± calories | with 
some uncertainty still remaining in regard to the first figure of the deci- 

« Published in Yin Noetnmd** Bnginming MoffOthts, Jannarj, 1868. Abo aeUnc t 
Serim^ No. 8B. 

t Prafewor If lebelton fooiid the veloeity of llifht to be mt40 knometert per seo- 
ond In air, and 99B8W kilomelan la. a vaeaoni, f(lvliig an liidai of nIhKtioii el 
1000MB. (/<mr»io^^>rteafMl<S!Bimac,1870,yoLXyiIL.p.8M.) 

t OompU$ Sendtu, 1880, Tom. VXI., pp. M-98. 

I Trant, Soy. Soe, <^ Edinburgh, Vol. XXI., Van L 

I Am. Jcurn, qfAtii and SeUneti ICarcb, 1888, p. 106. Alfo OomptSi Bmiiu$,' 
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mal. We will consider It as exacUj 2.8 in this analysis, according to 
which, there being 7000 grains in a pound and 15.4S2 grains in a granune, 
we have for the equivalent energy 

2.8 X 15.482 ^ 9 ^ 772x144 ,^ ,_^ 

— 7000- ><5><ai55ireo = ^^'^P*^^^ 

per second for each square foot of surface normally exposed to the sun's 
rays, which value we will use. Beyond these facts, no progress can be 
made without an assumption. Computations have been made of the 
density, and also of the elasticity, of the ether founded on the most arbi- 
trary, and in some cases the most extravagant, hypotheses. Thus, Her- 
schel estimated the stress (elasticity) to exceed 

17 X 10» = (17,000,000,000) pounds per square inch ; » 
and this high authority has doubtless caused it to be widely accepted as 
approximately correct. But his analysis was founded upon the oMumj^ 
tion that the density of the ether was the same as that of air at sea-level, 
which is not only arbitrary, but so contrary to what we should expect 
from its non-resisting qualities as to leave his conclusion of no value. 
That author also erred in assuming that the tensions of gases were as the 
wave-velocities in each, instead of the mean square of the velocity of the 
molecules of a self -agitated gas ; but this is unimportant, as it happens to 
be a matter of quality rather tlianof quantity. Herachel adds, " Consid- 
ered according to any hypothesis, it is impossible to escape the conclusion 
that the ether is under great stress.'* We hope to show that this con- 
clusion is not warranted ; that a great stress necessitates a great density ; 
but that both may be exceedingly small. A great density of the ether 
not only presents great physical difficulties, but, as we hope to show, is 
inconsistent with the uniform elasticity and density of the ether which 
it is believed to possess ; and every consideration would lead one to ac- 
cept the lowest density consistent with those qualities which would enable 
it to perform functions producing known results. 

In a work on the Phytic^ of Ether, by 8. Tolver Preston, it is esti 
mated that the probable inferior limit of the tension of the ether is 500 
tons per square inch, a very small vahie compared with that of Herschel's. 
But the hypothesis upon which this author founded his analysis was— 
The tension of the ether exceeds the force necessary to separate the 
atoms of oxygen and hydrogen in a molecule of water ; as if the atoms 
were forced together by the pressure of the ether, as two Magdeburg 
hemispheres are forced together by the external air when there is a 
vacuum between them. This assumption is also gratuitous, and is re- 
jected for want of a rational foundation. 

Young remarks : " The luminiferous ether pervading all space is not 

* FamiUar Ltctnres^ p. 28S. 
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only highly elastic, but absolutely solid." * We are not certain in what 
sense this author considered it as solid ; but if it be in the sense that the 
particles retain their relative positions, and do not perform excursions as 
they do in liquids, it is a mere hypothesis, which may or may not have a 
real existence. If it be in the sense that the particles suffer less resistance 
to a transverse than to a longitudinal movement, there are some grounds 
for the statement, as shown in circularly-polarized light. Bars of solids 
are more easily twisted than elongated, and, generally, the shearing re- 
sistance is less than for a direct stress. It certainly cannot be claimed 
that the compressibility of the ether (in case we could capture a quantity 
of it) is less than that of solids. 

Sir William Thomson made a more plausible hypothesis, by assuming 
that '' the maximum displacement of the molecules of the ether in the 
transmission of heat energy was ^ of a wave length of light, the average 
of which maybe taken as ji^linr ^^ <"^ inch." Hence the displacement 
was assumed to be T^iiivov ^^ ^^ ^^^^ t ^7 means of which he found the 
weight of a cubic foot to bo | X 10 "^'^ of a pound, f We also notice that 
Hr. Belli estimated the density of the ether to be i X 10" '' of a pound ; X 
but M. Herwitz, assuming this value to be too small and Thomson's as 
too large, arbitrarily assumed it as 10 ~ " of a pound per cubic foot ; but 
arbitrary values are of small account unless checked by actual results. 

We propose to treat the ether as if it conformed to the Kinetic Theory 
of Gases, and determine its several properties on the conditions that it 
shall transmit a wave with the velocity of 186800 miles per second, and 
also transmit 133 foot-pounds of energy per second per square foot. This 
is equivalent to considering it as gaseous in its nature, and at once com- 
pels us to consider it as molecular ; and, indeed, it is difficult to conceive 
of a medium transmitting light and energy without being molecular. 
The Electromagnetic Theory of Light suggested by Maxwell, as well as 
the views of Newton, Thomson, Herschel, Preston, and others, are all In 
keeping with the molecular hypothesis. If the properties which we find 
by this analysis are not those of the ether, we shall at least have deter- 
mined the properties of a substance which might be substituted for the 
ether, and secure the two results already named. It may be asked. Can 
the Kinetic theory, which is applicable to gases in which waves are propa- 
gated by a to-and-fro motion of the particles, be applicable to a medium 
in which the particles have a transverse movement, whether rectilinear, 
circular, elliptical or irregular ? In favor of such an application, it may 
be stated that the general formulae of analysis by which wave motion in 
general, and refraction, reflection and polarization in particular, aiextis- 
cussed, are fimdamentally the same ; and in the establishment of the 

• Toung'i Works, Vol. I., p. 416. t FfM. Mag., 18B6 [4] IX., p. »l 

X Cf. FwrkehrUU der PhyMt, 1860. 
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equations the only hypothesis in regard to the path of a particle is— It 
will move along the path of least resistance. The expression F* x* e — <i 
is generally true for all elastic media, regardless of the path of the indi- 
vidual molecules. Indeed, granting the molecular constitution of the 
ether, is it not probable that the Emetic theory applies more rigidly to it 
than to the most perfect of the known gases ? * 

The 188 foot-pounds of energy per second is the solar heat energy in a 
prism whose base is 1 square foot and altitude 186800 miles, the distance 
passed over by a ray in one second ; hence the energy in 1 cubic foot 
will be 

186800^5280 = SlTW ^«>*P^^^^- ^^^ 

Where results are given in tenth-units of high order, as in the last ex- 
pression, it seems an unnecessary refinement to retain more than two or 
three figures to the left hand of the tens ; and wo will write such expres- 
sions as if they were the exact results of the computations. 

If Fbe the velocity of a wave in an elastic medium whose coefficient 
of elasticity, or in other words, its tension, ise and density <5, both for the 
same unit, we have the well-known relation 



-♦n- 



And for gases we have 

where 7 = 1.4 ; and the differential of the latter substituted in the 
former gives 



= /¥• 



(2) 



The tension of a gas varies directly as the kinetic energy of its mole- 
cules per unit of volume. If v* be the mean square of the velodUes of 
the molecules of a self -agitated gas, we have 

tf « J «•, or «' =s sr ^ » (8) 

where a; is a factor to be determined. Equations (2) and (8) give 

y 

Assuming, with Clausius, that the heat energy of a molecule due to the 
action of its constituent fitoms, whether of rotation or otherwise, is a 
multiple of its energy of translation, we have for the energy in a unit of 
volume producing heat, 

• 8m alio rtmsrks by O. J. B(on«y, FMt. Mog,, 1868 [4] ZZXVL, pp. 188, 188. 
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where y is a factor to be determined. If be the specific heat of a gas, 
w its weight per cubic foot at the place where ^ = 82.2, J. Joule's me- 
chanical equivalent, r its absolute temperature ; then the essential energy 
of a cubic foot of the medium will be <; tr r /; and observing that w = gS, 
we have 

ky6f^^cg6rj, (5) 

which, reduced bj (4), gives 

xy = — Yi ' <^ 

the second member of which is constant for a given gas. To find its 
value we have 

Hydrogen. Air. Oxygen. 

Specific heat.* 8.4098 0.2875 0.2175 

Vel(^ity^f^sound,f ^^^ ^^ ^^ 

and g = 82.2, y = 1.4, Jss 772. These, substituted in the second 
member of (6), give 

X y for hydrogen 6.599 

"air, 6.706 

" oxygen 6.696 

8)19.901 

Mean, 6.68 

This value, which is nearly constant for the more perfect gases, we pro- 
pose to call t?ie modtUtu of the goM, and represent it by ^ ; and for the pur- 
poses of this paper we vdll use 

IL = 6.6. 

This relation of the product x y being a constant, has, so far as we are 
informed, been overlooked by physicists, and is worthy of special notice, 
since it determines the value of one of tho factors when the other has 
been found. KrOnig, Clausius.f and Maxwell give for x the constant 
number 8, but variable values for y,% 

We are confident that the value of ir is not strictly constant ; or if it 
is, it exceeds 8, since the effect of the viscosity of a gas would necessitate 
a larger velocity to produce a given tension than if it were perfectly free 

* Stewart on Htaiy p. )E89. 
t PhU. Mag., 1897 [4] XIV., p. 188. 

X ThMTtf qf Jhat^ pp. 814 and 817. Maxwell etatee that the ralne for y Is probably 
equal to 1.684 for air and eeveral of the perfect gaaee. This would make x a 4 nearly. 
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from intemal f rictloo. For our pfurpose, it will be unneoeaBary to find 
the lepanite values of x and y ; bat if we have oocadon to use the f onner 
in making general iilustrations, we will call it 8, as others have done 
heretofore. If the correct value of x exceeds 8, it will follow that the 
velocity of the moleculesv exceeds the values heretofore computed.* Ac- 
cording to Thomson, Stokes showed that in the case of circularly polar- 
ized light the energy was half potential and half kinetic ;t in which case 
y = 2, and therefore x = 8.8. 

The energy in a cubic foot of the ether at the earth being given by 
(1) and (5), we have, by the aid of (4), 

iyd^ = i/^F* = 3-3i^; (8) 

. ._ 4 X 1.4 X 2 2 «j. 

• ■ " 8 X 10' X 6.6 X (186800 X 5280)» " 86 X 10** * ' 

which is the mass of a cubic foot of the ether at the earth, and whidi 
would weigh at the place where ^ = 82.2 about 

2 

la = j7^ of a pound, (10) 

compared with which Thomson's value is less than 4000 times this value. 
Thomsoir remarked that the density could hardly be 1(X),000 times as 
small — a limit so generous as to include far within it the value given in 
(9). According to equation (10), a quantity of the ether whose volume 
equals that of the earth, would weigh about ^ of a pound. If a particle 
describes the circumference of a circle in the same time that a ray passes 
over a wave-length \ the radius of the circle will be, using equation (4), 



^ = ^.=/v^-^v=^^'- 



or the displacement from its normal position wiU be about fr ^^ ^^ wave- 
length, or about i-rrvov o^ ^^ >d<^ &^ ^^^ earth. 
Eliminating Fbetween (2) and (8) gives 

® ^ (11) 



8 /* X lU' " 10» 

for the tension of the ether per square foot at the earth, and is equiva- 
lent to about 1.1 of a pound on a square mile. The tension of the atmos- 
phere at sea-level is more than 80,000,000,000 times this value. It some- 

* Maxwell gives for the mean eqaare of the velocltlee, or, in other words, the velocity 
whoae eqaare is the mean of the squares of the actnal velodtiw of the molecoles, In feet 
per second at 498 2* F. ahove absolute isero, hydrogen 088B, oxygen 1S78, carbonic oxide 
1976, carbonic acid 1670. PhU. Mag., 1878, p. 88. Oor eqaation (i> gives for air Ifitt. 

t FhU. Mag.. 1856 [4] IX., p 87. 
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what exoeedi the tension of the most perfect vacuum yet produced by 
artificial means, so far as we are informed. Crookcs produced a vacuum 
of .02 millionth of an atmosphere * without reaching, the limit of the 
capacity of the pumps ; and Professor Rood produced one of iTvviinnFv 
of an atmosphere f without passing the limit of action of his apparatus. 
The latter gives a pressure per square foot of 

14 7 X 144 

qJuumuuuu^ = tWotri of a poimd. This, in round numbers, is 140 times 

the value given tn equation (11). Even at this great rarity of the atmos- 
phere, the quantity of matter in a cubic foot of the air would be some 
300 million million times the quantity in a cubic foot of the ether— such 
is the exceeding levity of the ether. 

Adnodtting that the ether is subject to attraction according to the 
Newtonian law, and of compression according to the law of Mariotte, 
we proiK)se to find the relation between the dendty of the ether at the eurfaee 
of an attracting ephere and that at any other point in epaee, providing 
that the sphere be cold and the only attracting body, and the gas con- 
sidered the only one involved. 

Let <)«, «», i0« be respectively the density, elasticity and weight of a 
unit of the medium, whether ether, air, or any other gas at the surface 
of the sphere ; S, e, tff, the corresponding quantities at a distance t from 
the surface of the sphere ; r the radius of the sphere, g% the acceleration 
due to gravity at its surface, and g that at distance r + « from the centre 
of the sphere. Then 

^•'^ 7.^ g ~g. 
and 

tTo g Wo r* 

But 

de=^wdz = —gSds (18) 

de go So r* _ 

e eo {r + e)* 

Integrating between e and eo, t and o we have 

* On the VUootUy itf Gatei at Sigh Eacfumetion, by WlllUun Crookea, P.R.8., 
Pkli, jytnu. May. 8oc.^ Part n. (1881), p. 400 : *' Ooin|{ np to an exhansdoii of .08 mill- 
lonth of an atmosphere, the highest point to vhich I have carried the meaenrementi^ 
although by no'meane the highest exhaustion of which the pump is CHiable.** 

t J<wm. ofArtt and Science, 1861, Vol. XXII., p. 00. 
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e=:e^e «• 'r + », (U) 

_£oJo rg 
<J= <Jo< <• '»• + »• (15) 

Keglecting the attraction of the earth for the ether, and considering 
the sun as the only attracting body, we have g% at the sun 28.6 X 82.2, 
and at the earth, s = 210 r, r ^ 441,000 miles, the sun's radius ; 
6 = -fg X 10-**, equation (9), and « = iV X 10-« ; and these, in (14) 
and (15), give 

«.g X «.g X 2 X » xio» ^ «o ^ ^^fg^ ^ -«^ 
^ = tf, e 4 X 86 X ia»« ^ »i ^ ^ ^* 



rr d» e nearly, (1?) 

and 

1 

if = do e nearly, (16 ) 

for the tension and density of the ether at the surface of the sun under 
the conditions imposed. But the millionth root of e is practically unity ; 
hence the elasticity and density at the sun is practically the same as at 
the earth. 

Now, starting at the sun with this result, and finding the density at a 
distance z from it, then making z infinite, we shall get about the 995,000 
root of e, the value of which is also sensibly equal to unity ; hence the 
density at infinity would be sensibly the same as at the surface of the 
sun, the difference in the densities at the sun and at infinity being less 
than nnr^irv?) port of that at the sun. In order to make the density vary 
sensibly with the distance, the attraction of the central body must be 
something like a million times as great as that of the sun, or hare a 
diameter a million times as large ; but there is no such known bod^, 
therefore ths dermty and tennon of the ether may he eomidered uniform 
throughout space. Such has been our conception of ft, and it is an agree- 
able surprise to find it so fully confirmed by analysis. 

If the density were uniform, the weight of a given yohime of it would 
vary as the force of gravity. At the surface of the sun a cubic foot 
would weigh [equation (10) multiplied by 28.6, or] 57 X 10- •• ; hence, 
for a height h it would weigh 

57 /* r* ^ _ 57 _rh^ /jm 

13 
which for A = 00 becomes — ^-^ of a pound, which is the pressure upon a 

square foot of the sun of a colunm of infinite height under the conditions 
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impoaed. This would compress the first foot of the column about 
i T joiuuo of its length, and would cause a corresponding increase in the 
density, the value of which, after this compression, will be found hy 
multiplying the value given in equation (9) by i^VJUu> which will leave 
the result sensibly the same as before. Hence, from this standpoint, 
we again conclude that the density of the ether may be considered as 
sensibly imiform throughout space, providing its temperature be essen- 
tially uniform. 

If we assume that the law of the resistance by which the ether opposes 
the motion of a body varies as the square of the velocity of the body, we 
are still unable to assign the coefficient which will give the numerical 
value ; but it is safe to assume that the entire mass of the ether occupy- 
ing the path of a body moving through it, will not have a velocity im- 
parted to it exceeding that of tlie body ; but, to be on the safe side, we 
will assume that it imparts a velocity equal to itself. The energy thus 
imparted will be lost to the body. To simplify the case, consider a 
planet moving in a circular orbit : r the radius of the planet, d its dis- 
tance from the sun, D its specific gravity compared with water as unity, 
Vi the velocity in its orbit ; then the mass of ether occupying the place 
of the planet during one revolution about the sun will be, using 
equation (9), 

which, multiplied by i «i*, will give the energy imparted to it. The 
kinetic energy of a planet, neglecting its rotation, will be 

Dividing the former, after multiplying it by ^ 9i*, by the latter, gives 

L_.A (18) 

for the fraction of the energy lost during one revolution about the sun. 
Applying this to the earth, we have 

d -f- r i> =: 98000000 -^ 8912 X 5i = 48000, 

and (18) becomes 

iJi nearly. (19) 

for the fraction of the energy lost in one year ; and hence at this rate 
would require more than 1,666,000 trillion (1,666,000,000,000,000,000,000) 
years to bring it to rest 

Equation (18) is not applicable to the resistance offered to a comet, on 
account of the elongated orbit of the latter ; but some idea of the effect 
of the reslstaiioe of the etho* to the movement of a comet may be found 
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by ooDgideriiig what it would be if the orlAt were ditmlar, haying for its 
radius the perihelion distance. Acoording to Professor Morrison, the 
perihelion distance of the great comet (6), 1883,* was 716300 miles, its 
ai^elion distance will be 5,000,000,000 miles, the diameter of iU nucleus 
shortly before disappearing on the solar disk was 7000 miles, the velocity 
at perihelion 205 miles per second, and at aphelion 75 feet per second. 
But little is known In regard to the density of comets ; but, to be on the 
safe side, we will assume it as Yf<s7 that of water. This data will reduce 
(18) to 18 X 10 - *' for the fraction of energy lost during one of its revolu- 
tions about the sun ; and as it would make a revolution in, say, 20 hours, 
it would lose in one of our years about 57 X 10~ ** of its energy, at which 
rate it would go on for 170 trillions of years. Similarly, at its aphelion 
its rtUe of loss would be less than ) X 10~~ " of its energy in more than 
2000 years — ^the time of one revolution in its orbit. 

The most careful observations and calculations have failed to detect 
any effect due to the resistance of matter in space ; and the above analysis 
shows that, within historic times, it has in any case scarcely amounted to 
an infinitesimal, certainly not sufficient to be measured. And when wc 
consider that our assumptions have been very largely on the unfavorable 
side, and, further, that the energy imparted to the ether may partly, nt 
least, be restored to the body, we assume that its resistance never can be 
measured. Laplace, when he found that the force of gravitation, if 
propagated by an elastic medium, must have a velocity exceeding 100 
million times that of light, concluded that astronomers might continue 
to consider its action as instantaneous {Mkanique Celeste, B. X., ch. 8, 
p. 22, 0085) ; so may we, with nearly as much confidence, continue to 
consider the resistance of the ether as nil. 

Equation (8) gives 

6.6(186800X5280) : (20) 

2 X 82.2 X 1.4 X 772 '^'^ ^ *" 
from which the specific heat of the ether may be found if its temperature 
were known. M. Fourier, the first to assign a value to the temperature 
ofepaee, assumed it to be somewhat inferior to the temperature at the 
poles of the earth or about 50** C. to OO"" C. below zero.f M. Pouillet, 
considering the atmosphere as a diathermanous medium, capable of 
absorbing in different degrees the radiant heat from the sun and the dark 
heat from the earth, deduced for the heat of space— or, as he and Fourier 
called it, the stellar heat— approximately,— 142" CJ (— 28r F.), which 

• Monthly Nolicet qf ttu Royal Agronomical aodUy, Vol. XUV., S, p. 54. 

t Ann* der Ch^mie, Tome XYII., p. 155. 

t CompUt BenOus, 1888, V^ol. Vn., p. 61. PoalUet*! fonniiUi to 

/ = 1.285 g£-*,- 0.489, 
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is about 174*^ F. above absolute zero. It is well known that Pouillet*8 
data were imperfect, several important elements being neglected, notably 
that of the humidity of the air ; still, it is not only the lirst, but, so far 
as we ki^ow, the only attempt to formulale this relation. It served to 
show what has since been indicated by more direct experiments, that the 
temperature of space is very low. The delicate experiments of Professor. 
Langley, before referred to, show a great difference in the degree of 
absorption by our atmosphere of .different wave-lengths. The mean of 
the values for nine different Wave-lengths, treated by M. PouiUet's 
formula, gives 189** F. above absolute zero, and the smallest value of 
absorption, which was for the infra-red, gives only 71 "^ F. above absolute 
zero for the heat of space. 

The heat of space may be considered as composed of three parts : 
(1) stellar heat, (2) the heat contained in the dark matter of space, (8) the 
essential heat of the ether. 

1. By the stellar heat we mean the heat received directly from the 
stars. It is a matter of easy calculation that, if the 50,000,000 of stars 
supposed to be visible with the most powerful telescopes were all at the 
distance of the nearest fixed star (a Centauri), or 221,000 astronomical 
units from the earth, and if each radiated the same amount of heat as 
our sun, the intensity varying as the inverse squares of the distances, the 
earth would receive from them all less than y^ as much heat as it now 
receives from the sun. And when we consider that only a very few stars 
are within measurable distances, and that the remote ones may be, when 
compared with these, weU-nigh infinitely distant, it is evident that the 
amount of heat received from the stars is insignificant., and may be 
discarded at the earth. 

2. It is certain that there is a large amount of dark matter in space, 
since the meteoric dust and meteorites must come from beyond our 
atmosphere. The zodiacal light is supposed to bo an evidence of meteoric 
matter between the earth and sun. The tails of comets are visible by 
some action of light upon some kind of matter. Matter in space not 
exposed to the rays of the sun will be at about the same temperatiu^ as 
the ether ; but if in the rays of the sun and destitute of an atmosphere 
at the distance of the earth from the sun, its temperature would be very 
low. If present laws can be extended so far, and the earth were without 
an atmosphere, and the heat received were not conducted away, it has 
been computed that the mean temperature at the equator would be about 

in wbich 1/ = the abnorptlve power by the atmoBphen of the min's heat, 

6 s the abaorptive power of terrestrial heat, 

f^ = the temperature of the stelkr heat, 

a s 1.0077. 
If ft a I, liB maximum, ^ a 0.8, we find r b . 886* C. <- 881* F.), or 71* F. above 
•baolvte aero. 



380 APPENDIX I. 

— 7(P C. (- 94* F.) ; and at the poles - 281' €.,♦ or 114' F. above abso- 
lute zero. The last result is obtained on the supposition tbat the poles 
receive heat directly from the sun a part of the year ; it is further shown 
that If the poles were never exposed to the rays of the sun, the tempera- 
ture would fall to that of the ether of space. But the data are not uni- 
form, and there is too large an extension of empirical formula to satisfy 
one that the above numerical results are reliable : still they point more 
and more strongly to a temperature not many degrees above absolute 
zero. 

8. By the essential heat of the ether we mean the temperature which 
would be indicated by a thermometer graduated from absolute zero in a 
room located in space beyond our atmosphere, whose walls were imper- 
vious to the passage of external heat. It is the heat due to the self- 
agitated ether. Just as air has a temperature when not exposed to the 
rays of the sun. If the ether be perfectly diathermanous to the sun's 
rays, it will receive no heat, on account of the heat of the sun flowing 
through it, though it may be heated from other sources. As direct 
evidence of an extremely low temperature of space, we cite the facts in 
regard to the meteorite which fell at Dharmsalla, India, July 14th, 1860.f 
" The most remarkable thing about it was, while the mass had been In- 
flamed and melted at the surface, the fragments gathered immediately 
after the fall and held for an instant were m> cold that the fingers were 
chilled. This extraordinary assertion, which is contained in the report 
with no expression of doubt, indicates that the mass of the meteorite re- 
tained in its interior the intense cold of the interplanetary space, while 
the surface was ignited in passing through the terrestrial atmosphere." 
Since this body had been exposed to the rays of the sun, its temperature 
must have exceeded that of the space through which it passed, as well 
as been warmed by the heat developed at its surface, from which it may 
be inferred that it had been inteneely cold. Direct investigations, given 
above, indicate that this temperature is less than 200' F. above absolute 
zero ; and we cannot assert that it is not less than 100* F. above, or even 
much less. 

But, however low be the temperature of the ether, it cannot be abso- 
lutely cold, or, in other words, it must have a temperature above abso- 
lute zero, for otherwise it would be destitute of elasticity, and hence 
incapable of transmitting a wave. This is shown by eliminating F be- 
tween equations (2) and (6), giving 

e, (21) 



2 ffSJ 



* Pn^tuUmal Papen qf ths Ognal Service XT, 8. A„ W — h ingtffn, D. C, 1S84, Na 
Xn., p. 54. i 

t Oomptet JUndus, 1881, Tome UOL, p. 1018. 
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in which if r = 0, will be zero, all the other factors being nnite, and if 
e=Oy then F = in (2). Indeed, this principle is so well recognized in 
physics, that a proof in this place seems superfluous. Being unable, in 
the present state of our knowledge, to do more than assign the probable 
superior limit of the temperature, we will, for the purposes of this 
analysis, assume r = 20'' F., absolute, being confident that the actual 
value is between ^ of and 10 times this value. This value in equation 
(20) gives 

(J = 46 X 10" = 4,600,000,000,000 (22) 

for the specific heat of the ether, that of water being unity. This num- 
ber so vastly — ^we might say infinitely— exceeds that for any known gas, 
as to Justify one, at first thought, in looking with suspicion upon thu 
applicability of the above analysis to this medium. Assumptions in re- 
gard to the absolute temperature will scarcely improve the appearance of 
this number. If it be assumed that the absolute temperature be only 
one degree, the number in equation (22) would be only twenty times as 
large; and if the absolute temperature be assumed at 1000000* F. , the result- 
ing si)ecific heat would still be more than a million times as large as for 
hydrogen. A few considerations of other properties of the ether may aid 
one in being reconciled to this seemingly paradoxical result. Is the result 
any more incredible than the fact, generally admitted, that every particle 
of the ether, in transmitting a wave of light, continually makes 690000- 
000000000 (6 X 10** nearly) complete cycles of movements every second, 
for a wave-length of Tiriinr 0^ ^^ ^^^^ ? ^^^ number of such complete 
movements in air for the fundamental e is only 264 ; and hence the ratio 
of the former to the latter of these numbers is nearly 2 X 10'*. The ratio 
of the specific heat given in (22) to that of hydrogen is nearly 1^ X 10", 
which is not so different from that Just given for the ratio of cyclical 
movements in a second of the ether and air. The velocity of sound in 
air at 498** F. above absolute zero is about 1090 feet per second ; but if 
the temperature could be reduced to 20"* F., absolute, the law being ex- 
tended so far, the velocity would be only 

F= 1000y~g = 217 feet ; 

but the velocity of light is 982,000,000 feet per second, a number about 4} 
million times the former, and near a million times that of the velocity 
in air under ordinary conditions. The ratio of the mass of air in a cubic 
foot at sea-level to that of a cubic foot of the ether as computed, far 
exceeds any of these ratios. The fact is, the known qualities of the 
ether in transmitting light and heat so far transcend those of any 'known 
terrestrial substance, that we might anticipate the fact that, in regard to 
magnitude, all its properties will be extremely exceptional when com- 
pared with such substances. We must accept sutetantiaDy the number 
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in equation (22), or subject this medium to different laws than those of 
gases. 

We may deduce this result by another process ; thus, since the specific 
heats of different gases are as the squares of the wave-yelocities in the 
respective substances, the other elements being the same, if the specific 
heat of air be 0.28, we should have for the specific heat of the ether 

, = 0.28(i«^^^)*=4«Xl«-. 

as before. The correct Value of the specific heat of air, 0.2875, would 
give over 47 X 10^*, and nearly 48 X 10'* ; but these differences are quite 
immaterial in this connection, the object being to check the former result 
On the other hand, in order that common air might be able to transmit 
a wave with the known velocity of light, its specific heat being taken con- 
stantly at 0.23, its temperature would be, according to equation (20), 

92 V 10'* 
'' = — JTSr- = -* X 10»* degrees F. (= 400,000,000,000,000" P.). 

If the sun were composed of a substance having such specific heat, it 
could radiate heat at its present rate for more than a hundred millions of 
centuries without its temperature being reduced 1* P., exclusive of any 
supply from external sources, or from a contraction of its volume. We 
know only such substances in the sun as we are able to experiment witli 
in the laboratory; and if there be an exceptional substance in it, we have 
no means at present of determining its physical properties. It is, more- 
over, a question whether the ether constitutes an essential part of bodies. 
We conceive of it only as the great agent for transmitting light and heat 
throughout the universe. 

On account of the enormous value of the specific heat., it will require 
an inconceivably large amount of heat (mechanically measured) to in- 
crease the temperature of one pound of it perceptibly. Thus, if heat 
from the sun, by passing through a pound of water at the earth, would 
raise the temperature 100** P. and maintain it at, say, 600^ P., absolute, 
it would, under similar conditions, raise the temperature of one pound of 
the ether, if its power of absorption bo the same as that of water, 
yr oooiopooo of a degree. 

The distance of the earth from the sun being 210 times the radiua of 
the latter, the amount of heat passing a square foot of spherical surface 
at the sun will be about 45000 times the heat received on a square foot at 
the earth normally exposed to Its rays, so that, under the conditions 
imposed, the temperature would not be a billionth of a degree P. higher 
at the sun than at the earth. This, then, is a condition favorable to a 
sensibly uniform temperature, even if heated by the sun's rays. We are 
now inclined to admit that the ether is not perfectly diathennanous to 
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the son's rays, but that its temperature, however small, may be due 
directly to the absorption of the heat of central suns ; for we begin to 
realize the fact that the ether may possess many of the qualities of gases, 
such as a molecular constitution, and hence also mass, elasticity, specific 
heat, compressibility, and expansibility, although the magnitude of these 
properties is anomalous. We have already considered its compressibility 
at the surface of the sun, due to the weight of an infinite column, and 
found it to be exceedingly small ; now, it may be possible that the expan- 
sion due to the excess of temperature of a sinall fraction of one degree at 
the surface of the sun over that at remote distances will diminish the 
density as much, or about as much, as pressure increased it, thereby 
making the density even more exactly uniform than it otherwise would 
be. According to what we know of refraction, it is impossible for a ray 
of light to be refracted in passing through the ether only — at least, not 
by a measurable amount ; for not only are the density and elasticity 
practically uniform, but their ratio is, if possible, even more constant as 
shown by equations (16) and (16'). But the freedom of the ether mole- 
cules may bo constrained, or their velocity impeded, by their entangle- 
ment with gross matter, such as the gases and transparent solids ; in 
which case refraction may be produced in a ray passing obliquely through 
strata of varying densities.* Neither is it believed that the ether does, 
or can, reflect light ; for if it did, the entire sky would be more nearly 
luminous. The rays in free space move in right lines. 

The masses of the molecules in different gases being inversely as their 
specific heats, and as the specific heat of hydrogen is 8.4, and the com- 
puted mass of one of its molecules {} X lO^^^iots. pound, we have for 

* r ro f ewor M icbaelMm condadei from his experiments that the Imniniferooft ether 
liaa no perceptible motion in reference to the earth, in other woida, it ie at the sorfaoe 
of the earth carried along with the earth the lame as the aimoapherB. (Paper read at 
the meeting of tlie American Aaaoclation for tlie Advancement of Science, 1887.) 

t Stoney concludea that '' it la therefore probable that there are not teww than tome- 
thing like a anlt eighteen U0**> of molecolea in a cubic millimeter of a gae at ovdlnary 
temperature and preeeure" (Phil. Mag., 1868 [4] XXXVI., p. 141). According to the 
Kinetic theory, the number of molecules in a given volume under the eame preeanre and 
temperature is the same for all gases. The weight of a cubic foot of hydrogen at the 
temperature of melting Ice and under constant pressure being 0.006098 of a ponnd, and 
as a cubic foot equals 1884&5f000 cubic millimeters, the probable mass of a molecale of 
hydrofeen will be 

O.006«» ^ 11 .. 

88.8 X 8«U6UUU X Id** 18 X 10^' ' 

46 8 

I'^^^^^'^I f^^^ TiSk ^ * gramme m ;■ — -_ lb., which is aboat 8/5 the value given abo^e 
WP* 7 X IC* 

iPhU, Mag,, 1878 [4], XLVI., p. 408). 

The dliterenoe In these results arises chiefly from the calcnUited nnmber of nolecnlea 
fai a cablo foot of gaa under ordinary condltSoos. Thomson gives as the approximate 
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Ihe computed mass of a molecule of the luminif erous eih&r, 
11 3.4 1 



18 X 10«» '^ 46 X 10" ■" 582 X 10^ 



lb. (28J 



The mass of a cubic foot of the ether, equation {\>), divided by the mass 
of a molecule, gives the number of molecules in a cubic foot, which 
will be 

which call 10^*. This number, though large, is greatly exceeded by the 
estimated number of molecules in a cubic foot of air under standard con- 
ditions, which, according to Thomson, does not exceed 17 X 10**, a 
number nearly 17,000,000,000 times as large as that in equation (24) ; and 
yet, at moderate heights, the number of molecules in a given volume of 
air will be less than that of the ether. 

Assuming that air is compressed according to Boyle's law, and is sub- 
jected to the attraction of the earth, equation (15) will give the hiw of 
the decrease of the density. Taking the density of air at sea-level at j)^ 
of a pound per cubic foot, e^ = 14.7 lbs. per square inch, r = 20687000 
feet, equation (15) becomes 

^ = TUXlO-^i^,. (25) 

Ife — ao,<J = TkXlO-**», which would be the limit of the density, 
and it is a novel coincidence that this limit is nearly identical with the 
value found for the density at the height of one radius of the earth ac- 
cording to the ordinary exponential law, wherein gravity is considered 
uniform.* 

If the number of the molecules in a cubic foot follows the same law, 
then at the height « there will be 

nxio-^rTi"*"** (W 

probable nnmber 17 X 10**, which ia aboat 8/5 the value given by Qtauoj, Thomeoii'B 

valae would make the maM of a molecule of ether about — X 10~~<* of a pound, which 

18 

Ib not much different from that found above. 
* The ordinary exponential law reenlta from dropping - compared with nxdtj in eqnar 

tlon a5)t SivinK 

B »ft gmllet 

<J=iJ, e-Mai = J. 10 M887=^xl0" "-44, 
fhthelaatofwhich,ifa«8900,the«zpoDnKboooiiMs8IB. . .^ 
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molecules per cubic foot. Similarly, the value of the leni^h of the mean 
free path would be * 



By means of these values, the following table may be formed. 



(87) 



Height. 


Density or ten- 
Bion, that at 

the earth 
being unity. 


Namberof 
cubic foot. 


Length of the 

Diean 

f roe path. 


FrMilon«l 

partBof 

earth^B ndloe. 


Approximate 




i 

1 
2 

00 




50 

100 

200 

282 

895 

800 

8956 

7912 

00 


1 

10-4JI 
10-8.4 
10 -IM 

10-a 

10-81 
10-57 

10 -m 

10-880 
10-846 


17 X 10* 
17 X lO*^'^ 
17X10^'^ 
17 X lO*^* 
17 X 10* 
17X10-* 

nxio"** 

17X10"-"'' 
17X10""**^ 
17 XlO-*" 


2X10-^ inch. 

3X10-1- " 

2 X 10*"* 

792000 miles. 
81 X lO" 
81 X 10** 
31 X 10*^ 
81 X 10*~ '* 
31 X 1*^ " 
81 X lO"* " 



The numbers in the third colunm multiplied by ji^ will give the 
density (or mass per cubic foot) at the respective altitudes ; and tiie same 
numbers multiplied by 15 (or, more accurately, 14.7) will give the tension 
per square inch. According to this law, at an elevation of 800 miles the 
density of the atmosphere will be somewhat less than the density of the 
ether as given by equation (9). 

To find the height at which the tension of the atmosphere, according 
to the above law, will be the same as that of the ether, we have, by means 
of equations (11) and (25), substituting in the latter 2116 for ^i^. 



which solved gives 



2116 X lo-'^^rri = ~i. 



« = gf2j = 126.6 miles 



• FhU. Mag., 1878 [4], XLVL, p. 



a86 APPBITOIX I. 

80 that at the height of 127 miles the tension would be less tlian that of 
the ether, the temperature being uniform. 

The mean free path, according to the above law, in which grarity 
varies as the inverse squares is less, and for great heights much less, than 
would be found according to the ordinary exponential law. Thus 
Crookes states that the mean free path of a molecule at the height of dOO 
miles is about 10000000 miles ; * but according to the above law it 
becomes about 792000 mil^. 

If a cubic inch of air at sea-level were carried to the height of | the 
radius of the earth, and then allowed to expand freely, so as to become 
of the computed density of the atmosphere at that point, it would fill a 
space of 4 X lO**-*' cubic miles, or a sphere whose radius is 2,898,000,000 
miles, which is nearly equal to the distance of the planet Keptune from 
the sun ; and there would be less than one molecule to the mile. Such 
are some of the results of extending a law to extreme cases regardless of 
physical limitations or of the imperfection of the data on which it is 
founded. For instance, a imiform temperature is assumed, and, im- 
pliedly, an unlimited divisibility of the molecules. The latter is neces- 
sary in order to maintain a law of continuity. But modem investi^- 
tions sliow that not only air, but all the gases, are composed of molecules 
of definite magnitudes whose dimensions can be approximately deter- 
mined ; and hence if there be only a few molecules in a cubic foot, and 
much less if there be but one molecule in a cubic mile, it cannot be 
claimed that the gas will be governed by the same laws as at the surface 
of the earth. 

We conclude, then, that a medium whose density is such that a volume 
of it equal to about twenty volumes of the earth would weigh one pound, 
and whose tension is such that the pressure on a square mile would be 
about one pound, and whose specific heat is such that it would requira 
as much heat to raise the temperature of one pound of it 1* F. as it 
would to raise about 2,800,000,000 tons of water the same amount, will 
satisfy the requirements of nature in being able to transmit a wave of 
light or heat 186800 miles per second, and transmit 183 foot-pounds of 
heat-energy from the sun to the earth, each second per square foot of 
surface normally exposed, and also be everywhere practically non-resist- 
ing and sensibly uniform in temperature, density and elasticity. This 
medium we call the Lununfferous Ether, 

ADDENDA. 

Granting that the temperature of the ether, however low, is produced 
by the heat from central suns passing through it, we may determine the 
effect upon it of a change of temperature of the source of heat. 

• PhU. Tratu. Roy. 8oe., London, 1881, Ftft IL, p. »B. 
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The law for perfect gases ift— continuing our notation— 

ev = BT (86) 

where ^ is eo «• -f u, these values being initial. Since v will necessarily 
be constant we see that e will yary as t, where r is the temperature of 
the ether, and equation (21) becomes 

6 = - — — . - = constant, 
2gJe r * 

as it should, since the mean density cannot change, the volume being 
constant. This equation reveals no new truth, but is consistent with the 
conditions which we anticipate in nature. The only way in which the 
density can change by a diminution of elasticity of the ether, is to cause 
it to be more dense near the attractive bodies, and more rare in space 
more remote from them ; or, in other words, the ether would not be so 
nearly uniform as at present. 

Assuming the density as uniform while the elasticity changes, it 
appears from equation (2) that the velocity of light through it will vary 
as the square root of the elasticity. Thus, if the heat of our sun dimin- 
ishes so as to become one fourth as intense as at present, and if the 
elasticity of the ether also becomes one fourth as much as at present, 
then will the velocity of light be one half as great as at present. 



We may find the conditions which would cause a gas of the pressure 
of our atmosphere at sea-level and of the same specific heat, to be as 
nearly uniform throughout space as is the ether. This will be found 
with sufficient accuracy for our purpose by finding such a value for 6 as 

will make the numerator in equation (15), - ^^^ , the same as given in 

(16), where d« = 2116 the tension of the air per square foot. We will 
find 

The volumes being inversely as the densities, the last result combined 
with equation (86) shows that the required rarity (or density) may be 
secured by a temperature 10^* times that of the present temperature. If 
the absolute temperature be SOO** when the pressure of the air per square 
foot is 2000 pounds, then if it be heated to somethhig like 

500,000,000,000,000' P., 

the tension would be nearly uniform throughout space. A volume of 
such air of the size of the earth would weigh less than ^ of a pound at 
a place where ^ = 82.2. 
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SECOND LAW OF THERMODYNAMICS. 

Thb second law of tlicrmodynamics has, by different writers, been 
stated in a Yariety of ways, and, apparently, with ideas so diverse as not 
to cover a common principle. For the convenience of the student in 
considering this subject, we here quote some of the expressions which 
have been given by certain authors. 

Maxwell, in his Tlieory of Heat, p. 158, says, ** Admitting heat to 
be a form of energy, the second law asserts that it is impossible, by the 
unaided action of natural processes, to transform any part of the heat of 
a body into mechanical work, except by allowing heat to pass from that 
body into another at a lower temperature. Clausius, who first stated the 
principle of Carnot in a manner consistent with the true theory of heat, 
expresses this law as follows : 

" * It is impomhle for a ulf-acUng machine^ unaided by any external 
agency, to convert heat from one body to another at a higher temperature* 

" Thomson gives it a slightly different form : 

" * /< M imposnbk, by means of inaniyuiie material agency, to derive me- 
chanical effect from any portion of matter by cooling it below the tempera- 
ture of the coldest of surrounding objects.* " Tlie last quotation may be 
found in Phil, Mag,, 1858, IV. ; Thomson's Mathematical and Physical 
Papers, p. 179 ; and Clausius's statement on p. 181. 

Clausius considers this principle as " a new fundamental principle,'! 
and states it thus : ** Heat cannot pass from a colder to a hotter body 
without compensation." (Mechanical Theory of Heat, lirc^ne's transla- 
tion, p. 78.) 

It appears, so far as we can judge, that Maxwell has, gratuitously, 
claimed for these writers the above statement for the second law ; for 
not only they, but Rankine included, consider those statements as ax- 
ioms. In regard to Rankine's views, see Miscellaneous SeierUffle Papers, 
p. 449 ; Steam-Engine, p. 224. 

There would be a certain propriety in calling this the second law, and if 
necessary establish a third, for it is the first principle in the order of de- 
velopment involved in the physical operation of realizing Camot's cycle, 
in which the expansion being isothermal requires a supply of heat from 
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a source, and experience shows that the temperature of the source must 
at least equal that of the working substance, and in reality be infinitesi- 
mally higher, since heat from a colder body will not make a hot body 
hotter. But the question is not what might liave been the second law, 
but— what is it ? We quote from Rankine : 

" The internal work is incapable of direct measurement. Here it Is 
that the second law becomes useful ; for it informs us how to deduce the 
whole amount of work done —internal and external — from the knowl- 
edge which we have of the external work. That law is capable of being 
stated in a variety of forms, expressed in different ways, although virtu- 
ally equivalent to each other. Thd most convenient form for the present 
purpose appears to be the following : 

To find the whole tDork, internal and external, multiply the abeolute tem- 
perature at which the change of dimennone takee place by the rate per de- 
gree at which the external work is varied by a email variation of tempera- 
ture.** (Rankine's MieceUqneoue Scientific Papen, p. 434 ; 2%e Engineer, 
June 28, 1867.) 

This is substantially the statement of the second law in first ed., p. 
88, since the italicized extract just given is an expression for the heat 
absorbed during an isothermal expansion. The form in the text was not 
given because it was considered the ideally best statement of this law, 
but because it had proved to be the most useful form for class-room in- 
struction which the author had tried, and had the above sanction of Ran- 
kine. 

Rankine gives substantially tlie same statement in different places. 
(Paperi, pp. 809, 418, 427 ; JSteam-Engine, p. 808, Art. 244 ; p. 809, Art 
245.) 

That Rankine recognized Carnot*s principle of the elementary reversi- 
ble engine as the second law is shown from the following extract : 

" The law of effldeney ef a perfect heat engine may be etated thru : ffthe 
mbstance (for example, air or water) which doea the work in a petfeet heat 
engine receives all the heat expended at one fixed temperature, and givee out 
all the heat which remcUne unconverted into work at a lower fixed tempera- 
ture, the fraction of the whole heat expended which is converted into exter- 
nal work is expressed by dividing the differen4se between those temperatures 
by the higher of them, reckoned from the absolute uro. Now, this is, in 
fact, the second law of thermodynamics expressed in other words, ' * (MiseeUa' 
neous Se, Pipers, p. 436 ; The Engineer, June, 1867.) Such being Ran- 
kine's explicit statement, we may expect to find this principle implifid, 
if not expressed, in all his other statements. 

One of the most condeqiBed and obscure statements of this law by this 
author is in his work on the Steam-engine, p. 806, which is, 
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**lfth6 t&UU actual heat of a homoffeiuotu and uniformly hot subatanee 
be conceived to be divided into any number of equal parte, the effects of tho&e 
parte in causing work to be performed are equal, " 

The obscurity exists chiefly in the fact that several principles inTolved 
in the practical application of the law are not stated in the immediate 
context, but are left for the reader to infer. It would be difficult, if not 
impossible, to apply it, had not the author given a symbolic representa- 
tion of it. He says : " Let unity of weight of a homogeneous substance, 
possessing the actual heat Q, undergo any indefinitely small change, so 
as to perform the indefinitely small work d U. It is required to find how 
much of this work is performed by the disappearance of heat Conceive 
Q to be divided into an indefinite number of indefinitely small parts, 
each of which is d Q. (In his original paper he used d Q.) Each of 
these parts will cause to be performed the quantity of work represented 
by 

consequently, the work performed by the disappearance of heat will be 

^ ' d Q 

The reduction from the former expression to the latter is equivalent to 
an integration considering the fractional part as constant during the in- 
tegration. This Is vital, and it is accomplished, physically, by connecting 
the working substance with a source possessing constantly the actual heat 
Q. Possibly this is implied in the expression ' ' untformlp hot substance ** in 
the law stated above ; but if not, the law seems to be defective in this par- 
ticular, imless we resort to the only other alternative of considering the 
" homogeneous substance " as a perfect gas. Heat is absorbed in doing 
work, and it is this heat, as heat, independent of any particular sub- . 
stance, that is to be divided into equal parts ; and, having this concep- 
tion, it is apparent that each part of the heat will do the same amount of 
work. It is difficult to determine the exact meaning of the expression — 
" It is required to find how much of this work is done by the disappear- 
ance of heat ;" for, with isothermal expansion, not only all the external 
work is done by the disappearance of heat, but the internal work also, 
according to which the words *' of this" should be expunged. Another 
view, and probably the correct one, is, — it is required to find how much 
of this work is done by the disappearance of an equal amount of heat 
If this be the intended meaning, then by referring to Fig. 18, p. 88, It 
will be seen that the area represented by the upper strip A Bed is com- 
mon both to that part of the external work «i A B 9*, and to the area 
fiABftt representing the actual heat absorbed ; and, hence, in per- 
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f onning this element of external work, an equal amount of heat will dis- 
appear. ABed = d U = /dp d x> ; and d{d U)==dpdvr=Abgd, 

But d p is a direct function of r, being limited by the consecutive iso- 
thermals A B and d e ; and this fact is, by the calculuSi indicated in the 
following manner. 



and we have 



or. 



Abffd = dT(^^ dv. 



Then the second law above declares that if the increment of heat d Q 
causes the work A b g d to he performed by the disappearance of an 

equal amount of heat, then will the total heat absorbed, ipiAbn,\)e -^ 

d Q 
times as much, giving 

d(dU\ 
^ dQ 

The "actual heat is divided into equal parts *' by the successive iso- 
thermals of the substance. 

The explanation by Rankine of this operation is more satisfactory in 
his original paper than in his SUam-Engint. (Miae, 8e. Papers, p. 812.) 

His general law of the transformation of energy—" The effect of the 
presence in a substance of a quantity of actual energy, in causing tram- 
formation of energy, is the sum of the effects of all its parts " {Steam En- 
gine, p. 809)— implies that the office of the working substance is simply 
to transfer actual energy from a source to a receiver of a potential form, 
as when the heat of a furnace is transferred to work ; under which con- 
ditions the actual energy of the working substance must be maintained 
constant. 

Sir William Thomson thus stated the second law : 

"Prop. II. (Camot and Clausius).— ^ an engine be such that, when 
it is worked backward, the physical and mechanical agencies in eeery part 
cf its motions are ail reversed, it produces as much mechanical effect as can 
be produced by any thermodynamic engine, with the same source and re* 
frigerator, from a gifjen quantity of heat. " (Thomson's Papers, p. 178.) 

Credit is here given to Glausius for a part, at least, of the fundamen- 
tal principle involved, and hence it is unnecessary to consider his views. 

We find, then, that three of tlie principal founders of the sdenoe of 
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thennodynamics— Clausius, Rankine, Thomflon— giveasthe second law 
the prindpU of GamoCs ideal dejnentary rewrnble engine, 

Uoless the axioms of these writers, which are by Maxwell stated as the 
second law, be considered as including the reveraible engine, it appears 
to be improper to consider them as the second law. These writers stated 
them as axioms, and not as the second law. 

The two laws of thermodynamics are the result of experience, guided 
by scientific investigation. Rankine siys : ** The laws of thermodynam- 
ics, as here stated, are simply the condensed expression of the facts of 
experiment." {Misc, Se. Papers, p. 437; PAt7. Mag,, Oct.. 1865.) 

The statement of the second law referred to in this quotation is simply 

the expression r -J? dv written out in words ; and hence is equivalent 
d r 

to one of the preceding quotations, and also to the one on page 88 of 

the text. 

Another statement : « 

The first law asserts a fixed, unvarying relation between heat energy 
and the mechanical energy into which it is transmuted ; but in a work- 
ing engine all the heat absorbed cannot be transmuted into work, and the 
second law asserts that a certain fractional part of the heat absorbed 
may be transmuted into mechanical energy when the substance is work- 
ed in Camot*s cycle. 



addji:nda. 



[The articles in this Addenda are numbered the same as those in the 
body of the work to which the subject-matter pertains.] 

14. 16. Since air is not a perfect gas, the divis- 
ions on an air thermometer will not be equal for equal in- 
crements of actual heat absorbed by the air. The relation 
between^, v, r, as used by Thomson and Joule, is given in 
equation (7), page 13. The experiments of Regnault en- 
able one to detennine the constants. The results of these 
experiments, generalized, enabled Sir William Thomson to 
construct the following table, in which the degrees are for 
the centigrade scale from to 300, and d is the relative 
density of the air in the thermometer. If at 0^ C. it be 
under the pressure of one atmosphere, 760 mm., then will 
d = Ij and the factors of d will be the fraction of one de- 
gree on the centigrade scale by which the readings differ 
from what they would if air were a perfect gas. 



Tempentnre by 
ab0olate scale 


Tempermtare oentignde 
on air thermometer. 


Temperature by 
abeolnte scale 


- ■ 1 

Temperatare centi- 
grade on air ther- 




Pt ~ l*ITft 


meaaared from 


mometer. 


0-C. 


• = 100 -'..-i2!il_ 


©•C. 


9^ion^r-P^»'y 


t = T-tn.7 


P OTfT — Pttt-T 


< = r-«7S.7 


Htii—Ptii-i^ 


t 


e 


t 


o 








160 


160-0.0970 X d 


20 


aoH 


h 0.0294 X d 


180 


180-0.1868 •• 


40 


40- 


-0.0898 " 


200 


200-0.1772 " 


eo 


60- 


-0.0861 " 


220 


220-0.2202 " 


80 


80- 


- 0.0220 *• 


240 


240-0.2627 " 


100 


100 


260 


260—0.8099 " 


120 


130 — 0280 •* 


280 


280-0;856'3 " 


140 


140 — 0.0007 *' 


800 


800-0.4080 " 



{TIiom9on*s Fapen, p. 100.) 
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SKI. Numerous equations have been proposed to represent the results 
of experiments upon gaseous substances. Rankine's equation, (4), p. 18, 
is the most general, and is sufficiently accurate for all substances used 
in engineering practice. It seems a useless labor to construct equa- 
tions that will represent with extreme accuracy the experiments made 
by any person, for the results of different experimenters will differ, 
and a formuUi that will agree nearly with one set will not agree witli 
others. If the experiments are reliable, like those of Regnault, the 
formula, when plotted, should exhibit the law indicated by the ex- 
periments, and give approximately the values found by experiment 
The formulae pertaining to steam will be given in Article 78. The 
following are equations for carbonic add ga», 

Rankine—also Thomson and Joule— gave an equation of the form 

p« = jBt 

(Pm, Trans., 1854, p. 886 ; 1862, p. 579.) 
Him gave 

where x = 'Ma somme de volumes des atomes ;" 

r = " la somme des action internes." 
(Th^orieMScanique de la Chaieur, fir 6d., i., p. 195 ; 3- ^d., iL, p. 211.) 
Racknel, in 1871 and 1872, gave the formula 

,. = «,(.-i)=i,,(.-Ar) 

where a is a constant to be determined by experiment. 
J. D. Van der Waals gave 

„ r a 

in which if the unit of pressure is one atmosphere, and the unit of 
volume that which a kilo, of carbonic acid occupies under the pressure 
of one atmosphere at the melting point of ice, then 

B = 0.008678, 
a = 0.00874, 
b = 0.0028. 

Over de ContinuUeit van den Om en Vlodstae^and, Leinden, 1873, 
p. 76, Op. cit., p. 76. 
Clausius, in 1880, gave 

^ "~ tj - or r (u + )3)» ' 

in which if the pressure be in kilogrammes per square metre, and vol- 
ume in cubic metres, we have per kilogramme of carbonic acid. 
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B rr: 19.278, 

c = 5588, 
a = 0.000426, 
P = 0.000494. 

This formula gave results agreeing remarkably well with those of 
observation. (PhU. Mag., 1880, (1), 401.) 

23, 24, 25. Thermal lines. The more common 
thermal lines are defined in the body of the book ; but the 
following are sometimes used : 

Isopiesticy or Isobar lines are lines of equal pressure, and, 
therefore, on the plane /> i;, are parallel to the axis of v. 

Isometric lines are lines of equal volume, and their pro- 
jections on the plane ^ v are parallel to the axis of ^. 

Isengeric^ or Isodynamic lines are lines of equal energy. 
In this case the internal energy remains constant, and all 
the heat absorbed during the change of state is transmuted 
into external work. See top of page 129. If the gas be 
perfect, the tsen^eric coincides with an isothermal. 

Isentrojnc lines are lines of equal entropy, and hence 
coincide with adiahatics. 

40. Page 33. In order that the algebraic expressions 
may be serviceable in numerical problems, the volume t?„ 
Fig. 13, must represent a definite mass of the working sub- 
stance ; and we assume a unit-mass / and in English meas- 
ures let it be one pound. Clausius, Zeuner, and others, in 
some cases, include the intenial work in tlie expression — 
internal energy ; but we prefer to apply the term work to 
all that part of the heat absorbed which is destroyed— put 
out of existence for the time being — ^transmuted into an- 
other fonn of energy ; and if any part remains, call it a 
change of intei^nal energy. 

The second law is sometimes called, briefly, the revers- 
ible engine / or, more fully, an expression of the facts in- 
volved in the simple reversible engine. Isothermal expan- 
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sion and compresBion are the first fundamental principles of 
this law ; the second being the axiom of Thomson that — no 
engine can be worked with mechanical profit at a lower 
temperature than that of the coldest of surrounding objects ; 
and since absolute cold cannot be produced in surrounding 
objects, it follows that only a fractional part of the heat 
absorbed can be transmuted into external work. 

It is worthy of remark that during isothermal expansion 
the heat of the working fluid does no work ; it is merely an 
agent for transmuting actual heat energy into work. If the 
working fluid be a perfect gas, it will transfer the heat 
directly from the source to the piston of the engine. If 
the working fluid be an imperfect gas, a part of the heat 
from the source will be transferred from the source to the 
piston of the engine and transmuted into external work, 
and the remaining part will be transmuted into internal 
work, being the work necessary to overcome the resistance 
of the particles in being separated during expansion. The 
actual, or kinetic, energy of the working fluid remains con- 
stant during isothermal expansion. 

Page 34. Sir William Thomson has proposed two scales 
of absolute temperatures. In the fir%i ^cale it was pro- 
posed to consider the difference of the teniperatv/res of the 
source and refrigerator as constant wheti the work done hy 
a perfect engine on abstracting a unit of heat from th^ 
source is constantj whatefoer he the temperature of the lieat 
absorbed. 

To get an idea of this principle, observe that in Fig. a, 
the successive divisions represent equal works done in suc- 
cessive elementary engines ; but the heat absorbed, <p^AB ^„ 
in doing the work A £ c d^ is more than (p^ dc <p^ in doing 
the equal work d c ij. But the preceding principle re- 
quires that the heat absorbed along y z must equal that 
along A B^ while the elementary works done in the cycles 
must be the same ; therefore, to represent this case y z must 
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be prolonged bo that the area under it and between the two 
adiabatics through its extremities shall equal (p^AB ^„ and 
the elementary strip under y z must be 
so narrow that its area shall equal A Bed. 
To find the symbolic expression, let 
H -=• <p^ A B <p^ •=- the heat ab- 
sorbed, in foot-pounds, 

dH=zABcd=^ the heat trans- 
muted into work, 

dt = the difference of absolute 
temperatures between the source and 
refrigerator, 

— = tlie fractional part of the heat absorbed that is 
transmuted into work per %mit of tempera- 




14 Vf^Pb 

na. a. 



then 



ture , 



the work •=-}iIIdt^dR\ 



dH 
Hdr 



= Z'. 



But according to the principle above stated, /< is not only 
independent of the temperature, but the ratio of tlie left 
member is to be constant;^ hence /< is constant, and we 
have by integrating between the limits JTj and J?, for heats, 
and t^ and /, for temperatures, 






i^(tt-t%) 



= € 



— that is, if the differences on the scale of the thermometer 



* Or integrating, we have : 



Work = JJi — JJ, = Zr, (1 — * 



-/■■ 



mdt 



). 



But, in this scale, the work is a function of the difference of temperatures, 
whatever be the temperature of ffi, and this condition requires tliat ji 
should be constant This relation is clearly shown in equation (a). 
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increase arithmetically, the ratio of KeaU of the Bouice 
and refrigerator will increase geometrically. 
The efficiency would be 

H, - 1 - * 

and the work done 

if.-J7. = ^.(l-^-''«--«); (a) 

or, the work will be the same for each degree on the scale 
for the same amount of heat absorbed, regardless of its tem- 
perature. 

Let this scale have 180 divisions between the melting 
point of ice and the boiling point of water ; then, since the 
efficiency of the perfect elementary engine worked between 
these temperatures is 

n, - H^ ^ 180 180 _ 

II, ■" 460.66 + 212 "" 672.66 "" + ' 

_ -180m _ 180 
^ ""6^2:66' 

. • . /i = 0.00173. 

According to the absolute scale in ordinary use, 

i/. r, r. + 460.66 ' 

the last fraction being applicable to the Fahrenheit scale. 
Let this scale and the former absolute scale above considered 
both be numbered 212 at the boiling point of water, then 

r. = 212 = <„ 

and dropping the subscript 2 we have for the relation 
between t and T^ 

• 212 - r^ ^ 1 



672.66 ^^212-0' 

from which we find 
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oo^^.oT 672.66 

^-^^^ ;4 = 0.00178 -5 

by meanfl of which, if any degree T be given on the 
Fahrenheit scale, the corresponding number t may be found 
on Thomson's first absolute scale. If 7"= — 460.66, 
^ = — 00 ; that is, th^ absolute zero of this scale is minus 
injmity. The higher the temperature T^ more and more 
degrees will be required to make a degree on the absolute 
scale. 

This scale is not practical. It was devised while Thorn- 
son held to the old theory of heat (or caloric)^ which 
maintained that heat was material, and hence could not be 
converted into work. He said : " The conversion of heat (or 
caloric) into mechanical effect is probably impossible, cer- 
tainly undiscovered." {Phil. Mag., 1848, (2), 315.) Work 
was then supposed to be derived from heat by letting it 
down from a hot body to a cold one without diminishing 
the quantity of heat ; just as work is obtained from water 
by letting it down from one level to a lower one while 
passing through a motor without diminishing the quantity 
of water. 

{PhU. Mag., 1848, (2), 313 ; Tra/ns. R. S. K, XX. 
(1851), 278 ; Phil Mag., 1852, (2), 106 ; Th(ymjs(nCs Papers^ 
Vol. /., p. 139.) 

Making ;i = - gives, by integration, 

or ^^oYix%oit!% second scale. {Trans. B. S. E., 1854, p. 125 ; 
PhU. Mag., 1856, (1), 216.) A comparison of this scale 
with the air thermometer is given in Article 14 of thia 
Addenda. 
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Page 38. In the third line from the top it will be ob- 
Berved that the argument depends upon an inference, 
"It is inferred^^ &c. No absolute proof of equation (21) 
has been made. Rankine deduced it in a short way, found- 
ing it upon the hypothesis that — in a given mass of a 
substance the quantities of sensible hea^ are proportional to 
their absolute temperatures. {Misc. So. Papers, pp. 50, 
66, 376, 377, 409; Phil Trans., 1854.) Thomson and 
Joule established it by a long and very delicate series of 

experiments, determining that /< = -, establishing this value 

within j^jf of its actual value. Clausius, in his later work, 
established it by a process of analysis, but it is somewhat 
obscured by the more general equations in which it is in- 
volved. Yet there is no question as to the correctness of 
this equation ; for not only do Thomson and Joule's experi- 
ments prove it to be as nearly mathematically exact as it is 
possible by means of physical experiments, but it produces 
substantially correct results when applied to various prob- 
lems in this science ; and this is the best test of a physical 
law. The Newtonian law of universal gravitation is accepted 
as mathematically exact for all problems to which it is 
applied involving finite distances, although the law does not 
admit of an absolute proof. 

The hypothesis of Kankine, referred to above, was criti- 
cised by Clausius, and Kankine modified it thus: ^^A 
diange of real specific heat, sometimes considerable, often 
accompanies the change between any two of those condi- 
tions " of solid, liquid, or gaseous. This definition was not 
accepted by Clausius as correct. (Clausius On ffeat, 1879, 
pp. 345-348 ; Rankine's Prime Movers, p. 307 ; Phil. 
Mag., Ser. 4, Vol. VII., p. 10; Pogg. Ann., Vol. CXX., 
p. 426 ; Phil. Mag., Ser. 4, Vol. XXX., p. 410.) If this 
principle be not • rigorously and universally exact, it is, so 
far as known, correct within the limits of error of observi^ 
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tion for imperfect gases; and tliese are the substances to 
which this science is very largely applied. 

42. Page 43. Daring isothermal expansion at a given 
temperature, r, a certain amount of external work will be 
done, 9AV^d e v„ Fig. a, and a certain amount of internal 
work which we assume is not yet known. If the same 
amount of expansion be performed at a temperature r -|- </ t, 
the external work v^ A B v^ will be done, and a certain 
amount of internal work, which, as before, may be un- 
known. One of the brilliant points in Bankine's establish- 
ment of equation (21) was his conception that the differ- 
ence between the external works for two equal isothermal 
expansions in which the temperatures of the source differed 
infinitesimally, being r in one case and t-\-dT in the other, 
equalled the work done by an elementary engine for the 
•same isothermal expansion, the temperature of the source 
l)eing that of the higher temperature, r -|- rf r, and of re- 
frigerator that of the lower, or r. In other words, the in- 
crement of external work due to an elementary increase of 
the temperature of the source equalled the increased incre- 
ment of the heat absorbed. Or the increment A Bed of the 
heat tp^h cq>^ equals the increment A B c dot the external 
work v^ A B v^. This is equivalent to asserting that the 
difference of the internal works done during the perform- 
ance of the external works v^d cv^ and v^ A B v^ is zero; 
or, at most, a difference of the second order compared with 
the difference of external works. 

As a verification of this principle for a particular case, let 

the equation of the gas be j? = jB -, ; then will the 

area of one of any one of the strips in ^, ^ J? ^, be 

as already given in Exercise 2, page 44. The external work 
for isothermal expansion will be 
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as in Exercise 4, page 46. The differential of the ktter in 
regard to r gives 

which is the same as found above for d c ij. 

43* In the Exercises on page 44, it must be under- 
stood that they refer to a unit-mass^ and when numbers 
are given, they refer to one pound of the gas. 

48. By consulting the records of Regnault's experiments, 
one becomes impressed witli the large amount of work done 
by him and the extreme accuracy with which his experi 
ments were made. 

51. By a purely analytical relation between the physical 
properties of a perfect gas, it has been shown that 



y = -i = 1.405286. 



4 

{Phil Mag., 1885, (1), 520.) 

68. Page 63, Air has been compressed to 500 pounds per 
square inch for use in the Vincennes- Villa tramway {La 
Nature Se. Am. Sup., 1888, Mar. 17, p. 10167.) Air has 
been compressed to 1000 pounds per square inch for use in 
dynamite guns. 

58. Exercise 15, page 71. 

Equations (B) give 

« (fp + yp d tjss a n(y- l)v»-*d«. 
Let 

« = «, p^y, ^^i* s=an(y -!)«»-* =s^«B-« 
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and the equation becomeB 

11+''.= ft 

where Pand Q are functions of x. This is a differential equation of 
the first order and first degree. 

To find the integral, first let Q = 0, then 
— /Pcfa? 
y = e ^ (7.. 

where C, is a function of x instead of a c<mttaTU of integration. Differ- 
entiating, 

"/Pdx /Pdx 

.'.Qdx^e .dOs\ .'.Cs^/Q6 d»\ 

-fpdx fPdx 

.'.y = e /Qe dx; 

Ezerdse 16 may also be reduced to the linear form, giving 

n« - 1 ^ 
Exercise 17 gives the differential equation 

dp _. najy" 1) <r-' - yp 
dv »6(1 - y)p'-»-i) 



71. Page 89. The melting point — or freezing point-— of 

liquid carbon disulphide — 116® C. 

" absolute alcohol - 130.5° C. 
Alcohol becomes viscid at — 129° C. 

{Phil. Ma^., 1884, (1), 490.) 

72. Page 90. By experiment it has been found that the 
melting point of ice is raised 0.0066° C. by a reduction of 
pressure from 760 mm. to 5 mm. (Phil, Moff.y 1887, (2), 
295.) 
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74. Of liquids and saturated vapor. Begnanlt 
found the IcUerU heat of evaporation, by detenniiiing the 
total heat and the heat of the liquids independently, and 
taking their difference. 

Total lieat of liquids, being the number of ther- 
mal units necessary to raise the temperature of a unit-mass 
from that of melting ice to t degrees centigrade, as deter- 
mined by Regnault, at atmospheric pressure. 

SabBtance. Nnmber of Thermal Units. 

Water q = « + 0.00003 <• -f 0.0000008 <». 

Alcohol q = 0.54754* -f 0.001122 <» +0.000002 <». 

Ether q = 0.52901 1 +0.0002959 f«. 

Chloroform q = 0.23235 i +0.0000507 P. ^(l) 

Chloride of carboQ . .q = 0.19788* +0.0000906<«. 

Acetic acid q = 0.506408* + 0.000397 *•. 

Bisulphide of carbon q = 0.23528* +0.000082 *•. 
The general law of these equations may be represented by the empii^ 
ical equation 

q=aj* + 6, *« + Ci*». (3) 

To reduce these to English units, we observe that y, the 
number of thermal units, is independent of the unit of 
mass, or weight, since the ratio between the quantities of 
heat, in this case, and the respective quantities of liquid ex- 
perimented upon will be constant, but will be dependent 
upon the thermometric scale. 

Since the degree in the British thermal unit is \ that in 
the French, the number of British thermal units will be 
\ times the number of French units for the same temper- 
ature ; and if T be the temperature on the Fahrenheit 

scale we have 

« = i(r-32); 

hence, for water we would have, y denoting the number of 
B. T. U., 

^ = f q = jf [J (r -32) + 0.00003 [8(^- 82)]« + 0.0000003 [J (r- 82)]«]; 
and similarly for the other liquids. Substituting and re- 
ducing, we have 
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Sabetaiioe. No. of a T. U. at temp. 2*. 

Water, q = 
- 81.W1656 + 0.9W57883 r+ 0,000002223 r» + 0.0000000926 T». 
Alcohol, q = 

- ie.lH)8214 + 0.609648 T + 0.00056407 T« 

4- 0.000000617284 T*. 
Ether, g = 

- 16.769986 + 0.518489 r + 0.00016489 T». 
Ghlorofonn, ^ = V(8) 

- 7.406858 + 0.230647 2 +0.00002817 7'. 
Chloride of carbon, q = 

- 6.280619 + 0.194669 T + 0.00006088 T*. 
Acetic acid, q ■= 

- 16.979005 + 492287 T + 0.00022066 T*. 
Bisulphide of carbon, q = 

- 7.480711 + 0.282814 r + 0.00004656 r». 
The general law will be * 

q = (h + b^T+etT» + dtT: (4) 

The figures in equations (3) Vere obtained by carrying 

out the decimals to many more places, and then retaining 

the above to the nearest unit for the right-hand figure. 
The specific heat (U any temperature will be the 

differential coefficients of the preceding expressions, which, 

for water, will be 

^ = 1 + 0.00004 t + 0.0000009 f , (5) 

per degree centigrade, and 
^|,= 0.999573 + 0.000004444 T+ 0.00000027768 7*, (6) 

per degree Fahrenheit. 

These results for water are not exactly, the same as Ean- 
kine's or Bosscha's, given in Article 95, but any one of them 
is sufficiently exact for ordinary practice. 

74^ 85. Total heat of vapor. This expression in- 
cludes the heat imparted to the liquid in raising its tem- 
perature from that of the melting point of ice to tliat at 
which the vapor is generated added to the heat necessary to 
evaporate the liquid at the higher temperature. The latent 
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heat of evaporation inclades both internal and external 
work ; the external being the work of enlarging the volume 
at the pressure corresponding to the higher temperature, and 
may be represented by the work done by a pound of satu- 
rated steam in pushing a piston against a constant resistance 
up to the point of cut-off in an engine, and the internal, 
that of overcoming the mutual attractions between the 
molecules. Let h be the number of heat units necessary to 
raise one kilogram of a liquid from 0° C. to a temperature tj 
and vaporize it at that temperature ; then Begnault's ex- 
periments may be represented by the following empirical 
formulae : 



Salwtaooei 



Number of heat units in the '' totel beat 
of vapor " in French ttiermal units. 



(7) 



Water h = 606.60 -f 0.805 t. 

Ether h = ©4.00 -f 0.45000 t - 0.00056566 <•. 

Acetic acid h = 140.50 -f 0.88644 1 - 0.000516 <•. 

Chloroform h = 67.00 + 0. 1875 t. 

Chloride of carbon . . h = 52.00 -f 0.14625 t - 0.000172 P, 
Bisulphide of carbon, h = 90.00 + 0.14601 t - 0.0004128 ^. 
For English units, if A be the number of heat units m 
one pound of the substance on the Fahr. scale, then for 
water we would have 

A = I h = f [606.5 + 0.305 X * (^ - 32)] 
= 1091.7 + 0.305 {T - 32) 
= 1081.94: + 0.305 T\ 
. • . jy = 841829 + 237.29 T, 
which differs slightly from E(j. (95), page 111, because some 
fractions were omitted in determining the latter. In this 
manner we find the following results : 

, a«ii-*«««. Number of B. T. U. In the " total beat of vapor ♦* 

BODetanoe. ^^ j jj, ^^^y^ ^^^^ aboveO* P. 

Water A = 1081.94 + 0.305 71 

Ether A = 154.4839481 + 46974324 T- 0.000808633 TK 

Acetic acid. . h = 340.880363 + 0.3847866 T - 0.000286666 T\ 
Chloroform., A = 116.2 4- 0.1375 T, 

Ch. of carbon A = 88.82215 + 0.1528655 T - 0.00009555 T*. 
B. of carbon. A = 157.093127 + 0.16066955 T- 0.000239055r». 

Qeneral equation 

A = a. + 6t r - c, r«. (8) 



(7) 



(9) 



ADDENDA. 40g 

74. Latent heat of evaporation. Subtracting the '' heat 
of the hquid " from the " total heat of the vapor " gives 
the latent heat of evaporation ; hence 
Ae = A — y ; 

and making the substitutions from above, we have the 
following results : 

Latent beat of evaponitloD, being ibe No. of French 
Sabetanoe. heat units in one kilo, of the vapor 

at the boiling point. 

Water h, = 606.5 - 0.695 t - 0.00002 r^- 0.0000008 <». 

Ether h.= 94.0- 0.07901 <- 0.0008514 <«. 

Acetic acid h. = 140.0 - 0.18999 i - 0.0009125 ^. 

Cliloroform h. = 67.0 - 0.09485 t - 0.0000507 f. 

Clilo. of carbon. , h. = 52.0 - 0.05178 t - 0.0002526 1». 

Bisulp. of carbon h« = 90.0 - 0.08922 i - 0.0004988 ^. 

In English units these become : 

Latent heat of evaporation, being the heat neoeaaary 
Sabetance. to evaporate one pound of the subatance at the 

boiling point, m B. T. U. 

Water A. = 1121.7 - 0.6946 T - 0.000002222 r« - ' 

0.0000000926 T*. 

Ether A, = 171.24 - 0.0487 T - 0.000478 T\ 

Acetic acid /*. = 256.86 - 0.1075 T - 0.000507 T*. 

Chloroform A, =r 128.60 - 0,0980 T - 0.000282 T*. '' ^^^ 

Chlo. carbon A, = 95.108 - 0.0428 T - 0.0001408 J*. 

Bisulph. carbon. ,K = 164.57 - 0.0716 T - 0.0002746 T*. 

Alcohol K- 627.04 - 0.92211 T - 0.000679 7 •. 

Qeneral equation : 

A* = a* - ^4 r- <J4 r« - d4 T\ (11) 

These for English units and absolute temperature on the 
Fahrenheit scale become : 

flniMtenM. Latent heat of erapoi^tion in B. T. U., abeolnte 

BanaiaiK^. 'teoiperatare, t. 

Water A, = 1442.474 - 0.751472 r + 0.0012588 r* - 

0.0000000926 r*. 

Ether A. = 98,8214 + 0.8870 r - 0,000478 r«. 

Acetic acid A, = 197.925 + 8595 r - 0.0005070 r». ^(12) 

Chloroform A, = 160.4924 - 0.0371 r - 0.0000282 r«. 

Chlo. of carbon. . K = 85.0245 + 0865 r - 0.0001408 r«. 
Bisulp. carbon.. . A» =: 140 1806 + 0.1810 r - 0.0002748 r'. 
General equation : 

ft^ = a, + 6. r + c. H + d. r«. (18) 
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The effect of retaining the smaller decimals will be ap- 
parent by comparing the above results for water with the 
corresponding ones on page 95. Those on the latter page 
are considered sufficiently accurate for practice. None of 
them can be relied upon for temperatures much outside of 
those in the experiments upon which they are founded. 
The two equations are not very different within the range 
of temperatures ordinarily used in practice. 

To f/rid the hent which does the disgregation worJc^ we 
must find the external work done during evaporation. This 
may be done as follows : The pressure for the absolute tem- 
perature of the vapor is, equation (80), page 97, 

We have computed the following constants by means of 
Regnault's experiments. They are for degrees Fahrenheit 
and pounds per square foot : 

, Fluid. A, logB, log C, 

Steam 8.28203 3.441474 5.583973 

Ether 7.5641 3.3134249 5.2173549 

Alcohol 8.6817 3.4721707 5.4354446 

Bisulph. Carbon..7.4263 3.3274293 5.1344146 

Chloroform 4.3807 B is 3.288394 negative. 6.1899631 

Snip. Dioxide... 7.3927 3.1580608 5.3667327 

Naphtha 6.4618 2.949092 5.796469 

Ammonia 8.4079 3.34154 

Mercury 7.9711 3.74293 

Ffm* iteam, For eth^, 

B = 2763.59, B = 2057.8, 

G = 383683. G = 164950. 



Now find the volume of a pound of the vapor by meana 
of equation (84), or the approximate one, (86). Thus, 
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«. = ».+ —J- = «. + 



dt dt 

The value of A, is given by equations (10) and (11), and 
sabstitating, gives 

a-hT -cT* ^ 

(7 + V0 2.3026 

This is the ovter work. The disgregaUon work will be 

p = B.^p{v,^v,). (14) 

Zenner, by this laborious process, compnted the disgre- 
gation work. for a range of temperatures, and for various 
substances, and assumed, arbitrarily, that they followed the 
law 

p = a, — J, ^ —c^fy 

and determined the constants by means of his previous 
computations, and obtained the following results : 

For French unit$. 

Ether p = 86.54 - 0.10648 1 - 0.0007160 f. 

Acetic acid p= 131.63 — 0.20184^ — 0.0006280 f. 

Chloroform .... p— 62.44 - 0.11282 1 - 0.0000140 f. 
Chlo. of carbon p = 48.57 - 0.06844^ - 0.0002080 f. 
Bisulp. of carbon p = 82.79 — 0.11446 1 — 0.0004020 f. 

For saturated steam, the outer work may be found very 
nearly from a table of the properties of saturated steam, 
by multiplying together the corresponding pressures and 
volumes. The product will be p v^ Eq. (14). The temper- 
atures being given in such a table, we may find the total 
IcUent heat of evaporation by means of equation (78), 
page 95. 

Reduce the pressures to pounds per square foot, if neces- 
sary ; and substitute in equation (14)^ to- find the disgre- 
gation work. 
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The latent he(U of evaporattany as ooinmonly used, might 
be called the apparent latent heat of evaporation ; and the 
disgregation worky the seal UUent heai of evaporation. 

Page 96. The latent heat of evaporation is reported 
differently by different authors. Thus I find that one author 
gives for oil of turpentine, 123, another, 133, and still an- 
other, 184 ; and I have not ascertained which is correct 
For ether, 164.0, 162.8. Alcohol, 304.8, 372.7, 385. Naph- 
tha, boiling point, 306, 141® F. ; latent heat of evaporation, 
184, 236. 

Densities of some vapors compared with that of air when 
near their boiling points : 

Atmospheric air 1.000 

Steam 0.6235 

Alcohol vapor 1.6138 

Sulphuric ether vapor 2.5860 

Vapor of oil of turpentine 3.0130 

Vapor of mercury 6.976 

The densities of vapors at the boiling points of the liquids 
are approximately inversely as their latent heats of evapo- 
ration. 
Thus, 

Density of vapor of alcohol = 1.6138 _ q kq 
Density of steam = 0.6235 "~ 

Latent heat of evaporation of steam = 966.1 _ o kq 
Latent heat of evaporation of alcohol = 372.7 ~" 

76. Eankine, in his article On the Centrifugal Theory 
of Qases^ deduces an equation of the form, 

logp = a — -, 

for the relation between the pressure p and absolute tem- 
perature r of saturated vapor. It was found, according to 

r- ■ ■ ■ ■ I , . 

* KU. Se. Paptri, p. 48 ; PM. Mag., Dec , 1861. 
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Eegnanlt's experiments and others, to be accurate for a 
limited range of temperatures only. Eankine then proceeded 
to find an empirioal formula that wonld represent more 
accurately a greater range of temperatures, and was led, by 
analogy, to try a third term containing the inverse square 
of r, thus giving 

7 A ^ O 

hgp = ^ - — - -, 

which was found to represent, quite satisfactorily, the re- 
sults of experiments upon steam, mercury, alcohol, ether, 
turpentine, and petroleum. 

Some fifty, or more, formulas have been devised to ex- 
press the relation between the pressure and temperature of 
saturated steam ; all of which are sufficiently accurate for 
certain small ranges of temperature and pressure. Kan- 
kine's, given above, is the most accurate for a large range. 
Some of the most celebrated of the other formulas are : 

DuloDg and Arago's, for pressures above four atmospheres 

p = (0.4878 + 0.012244 <)» lbs. per sq. in., 

i being the temperature centigrade. 
Mallet's, from 1 to 4 atmospheres. 



(nfrs) ^^P^'sq. in. (16) 



Tredgold's is the same, except that 175 is substituted for 111.78. 
Pambour's, from 1 to 4 atmospheres, ^ *" C. 



'=(^i-)'»-p«' *»••"• ("> 



Roche's 



m + nt 
l) = a& (17) 

Regnault made three equations ; the first applying from — 80*" C. to 

0"C. 

logp=i a-\-ha^, millimetres, (18) 

in which a =- 0.08088 ; 2(^^ = 9.8024724-10; Jt^ a =:= 0.0688B80 ; 
n = 82* + «. 
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Prom 0' to 100* C. 

lifp^za-'ba^ + ep^, millimetres, (19) 

in which a = 4.7884880 ; 20^6 = 0.6116485; 2(^6 = 8.1840889-10; 
loga = 9.9967449 ^10; log pz=^ 0.0068650. 
From 100" to 220* C. 

fo^p = a — 6a»+c^«, (20) 

in which a = 5.4588895 ; loffb = 0.4121470 ; log e = 7.7448901 - 10 ; 
log a- 9.99741212 - 10 ; / ^ /J = 0.007590697. 

Zeuner, by a special investigation, deduced a formula applicable both 
to saturated and superheated steam» which is 

p « = J8 r - Cp^, (21) 

in which B =: ^^, although it is better to consider B, C7, n, as con- 

stants to be found from experiment. For steam this becomes 

pv = 50.938 r - 192.50 p )^, (22) 

in which p is the pressure in kilograms per square metre, and v the spe- 
cific volume in kilograms per cubic metre. This formula is suffi- 
ciently accurate from 0.2 of an atmosphere to 15 atmospheres and, so far 
as tested, gives good results for superheated steam. 

Hr. Ritter, from a discussion of experiments by Him, proposed the 
equation * 

r = ^+ A^, (28) 

B ' pvi ' 

in which 

J9 = 4.658, ^=1048800; 

which gives values for v agreeing almost exactly with the resultn found 
by equation (84), page 98. But it is too complex for analytical discus- 
sions. 
Unwin proposed the equation f 

= 7.5080-^. 

for saturated steam ; in which p Ib in millimetres of mercury and 
To = -» 278, on the centigrade scale. This equation Ib nearly, but not 
quite, as accurate as Rankine's ; and possesses some advantages for an^ 
alytical purposes. Unwin finds, for the latent heat of evaporation, 

• Pogg. Ann. (2). iii. (1878), 447. 

f On the relations of temperature, pressure and volume of saturated 
steam.— PA»;. Mag., 1886, (1), 299-808. 
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^ = ^- (7.808 -^„,>r <««) 



and for the spedflc volume of satarated steam. 
Also, for alcohol ; 



, 10821 ha .oii\ 

• ^ p (a — logi9 p) 



For ether ; 



log p = -1.448-%. m 



toffp = i.Vm-^. (88) 



For carbonic acid ; 

902.8 



The author, considering steam as an imperfect fluid — or 
gas — both when saturated and superheated, applied Ean- 
kine's general equation for imperfect gases with the follow- 
ing results : — 

The general equation being 

pv:=Iit-^a,^^ - ?i- &c., (30) 

and first assuming that the resulting equation might, pos- 
sibly, be of the same form as his for carbonic acid gas, I 

made a^ = 0, a, = -, and all the remaining terms zero, giv- 
ing 

pv = Iit^—. (31) 

But this gave no satisfactory result. I then assumed 

h 
^<' = 5^ 

and all succeeding terms zero, as Bankine considered that 
^o, a„ &c., were inverse functions of Vy thus giving 

pv = Iit^^. (32) 
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To find the constants R^ J, n, requires three contempo- 
raneous values of the variables />, v, r. I determined values 
of V by assuming several values for p and r by equation 
(85), page 98, and compared the results with the recent 
tables of Professor Peabody, and in no case did they differ 
by more than .02 and in most cases they agreed exactly to 
the second decimal figure — and this too notwithstanding he 
used Regnault's equations for the relation between pres- 
sures and temperatures, while I used Rankine's, being equa- 
tion (80), page 97 ; but using for constants my own values 
on page 98, instead of those computed by Bankine. So 
close an agreement was not anticipated under these condi- 
tions ; and where the difference was greatest it might pos- 
sibly have been less had I used more decimals. I there- 
fore use Peabody's tables with confidence. I have, how- 
ever, used '», = 26.58 for the specific volume of saturated 
steam at 212^, and pressure of 14.7 lbs. per square inch as 
computed on page 102 ; but all other values I have taken 
from the tables. 

Using as arguments the three sets of values : 

p, == 14.7 X 144, i>, = 100 X 144, p, = 160 X 144, 
V, = 26.58, tJ, = 4.38, i?. = 2.83, 

r, = 672.66 ; r. = 788.16 ; r, = 824.06 ; 

Ifind 

R = 96.95, ft = 18473, n = 0.22 ; 

giving the equation 

104.70 
pv=9%Mt-t^ (33) 

More decimals in the value of n would make v^ slightly 
larger, and as only two are retained, a comparative compen- 
sation would be produced by increasing the value of the 
numerator, and the result of a few trials justified this modi- 
fication, and we finally have 
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For saturated cmd superheated steam 

no ciK 18500 
p/o = 96.95 r j^, 



(34) 



inwUchj^fWill be in pounds per square foot, and v the 
cubic feet per pound. If ^ be in pounds per square inch 
and V the cubic feet per pound ; then 



« »*o« 128.5 

pi» = 0.6732 r - -,-^-. 



(35) 



In order to test this equation, I made the following table 
for saturated steani ; taking from the table the values of v 
and T, and comparing the computed and tabular values 
of jp. 



TEST OF EQUATION (34). 


Sracinc 

VOLUMB 




pRxssniu. 


Fraction 

Colamns 
ft And ft. 








PoondB per sq. foot. 




DegreesF. 


Abflolate. 














PoondB 


Ca]calated. 


Tabnlur 










persq. In. 


Bq.(»^. 


▼alae. 




9. 


T. 


T. 


p. 


Pi 






90.81 


158.1 


618.76 


4 


588 


576 


tA 


58.87 


176,9 


617.56 


7 


1018 


1008 


26.58 


212.0 


672.66 


14.7 


2116 


2116.2 





7.10 


292.5 


758.16 


60 


8597 


8640 




5.42 


811.8 


772.46 


80 


11462 


11520 


~ riir 


440 


827.6 


778.26 


100 


14550 


14400 


-|- JL 


2.88 


868.4 


824.06 


160 


28030 


28040 




2.294 


881.7 


842.86 


200 


28882 


28800 




1 


2 


8 


4 


5 


6 


7 



The agreement is good, and if the pressures were ex- 
pressed in pounds per square inch, the whole numbers 
would agree to within one unit. 

The measurements of superheated steam are few in num- 
ber ; but using those given by Him, we have the follow- 
ing: 
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SUPERHEATED STEAM, 



Specific Tolamefl. 


Tempentares. 


PreMares, Ibe. per 
square foot. 


cu. metre cu. ft. 
per kilo.j per lb. 


C. 


rPah. 


r. 


'S'(^|Tab«lar.;'^°" 


1.85 
0.697 
0.5752 
0.414 


29.685 

11.165 

9.214 

6.681 


141 
200 
246 
205 


285.8 
892.0 
474.8 
401.0 


746.46 
852.66 
935.46 
861.66 


2146 

6485 

8721 

10759 


2116.2 + ^6 

6348.6 + A- 

8404.8 +A 

10581.0 4- A 



These results do not agree so nearly as for saturated 
steam, and the errors are all in one sense, the compnted 
values being all too large. This we would anticipate since 
the more the steam is superheated, the more nearly will 
it behave like a perfect gas, and conform more nearly to 
equation (162), page 172; or to one of that form. 

In a paper read before the Society of Mechanical Engi- 
neers in May, 1889, I discussed several forms of equations 
for saturated steam. Among them was the following, pro- 
posed by Mr. £. K. Dawson, a graduate at the Institute : 



p = 0.6734 



1636.88 



- 0.16. 



The close agreement of Zeuner's equation, (22) above, 
with experiment, is more apparent than real ; since if our 
values of «/ = 427 instead of 424, and To = — 273.7 in- 
stead of — 273 be used, the computed results would be 
more in error than his appeared to be. I would use the 
preceding equation, (34), with as much confidence for super- 
heated steam as I would Zeuner's. 

78a« The critical temperature is the state at which no 
external work is done when a liquid changes to a vapor. Or, 
in a series of isothermal changes in which the liquid is 
changed to a vapor, it is the state at which the external 
work vanishes. Or, again, it is the state at which the real 
latent heat of evaporation is zero. 
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In Fig. rf, the external work done during the evaporation 
of one pound of the liquid will be ^ X -^ C', at the tem- 
perature r. When the abscissa between F E and E G \& 
zero, as at E^ the corresponding temperature will be the 
critical temperature for that substance. 

Neglecting the external work due to the enlargement of 
the volume of the liquid, the critical temperature will be 
that temperature which will reduce the apparent as well as 
the real latent heat of evaporation to zero. For steam, the 
first two terms of equation (12) of this Addenda gives 

r = 1919 ; or r = 1469^ F. 

The critical temperature of a few substances has been 
found by experiment. Thus, it is for 

Deg.C. 

Carbon tetrachloride 292.5 

Carbon disulphide 276.1 

Acetone 246.1 

{Pogg. Ann,, cli., (1874), 303.) 

Theory gives higher values than these. The critical 
temperatures and pressures for twenty-one substances is 
given in the PhUosophicalMa^azine, 1884,(2), page 214. 

Avenarius showed by experiment that over a certain 
temperature fixed for each substance there is no distinction 
between the liquid and vapor states, so that pressure alone 
will not cause a gas to liquefy. 

79, In Kankine's tables the absolute zero was assumed 
at 461.2 below the zero of Fahrenheit's scale, wliile those at 
the end of this work are computed with 460.66. 

86. See Article 75 of this Addenda. 

96. Clausius claims to be the first to annoimce that in- 
ternal work is a function of the initial and terminal states 
onJy. (Clausius On Heat, page 35.) 
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97« It will be. a good exercise for the stadent to give 
geometrical interpretations of the equations on page 132. 

9*3 Bf ** Ofiihs dimensitnu cf tempereUure in length, mass and time ; 
and on the absolute C. G. 8. unit of temperature " {Pha. Mag., 1887, (2), 
96). It is shown that, in accordance with Thomson's absolute scale, the 
unit temperature wotUd he that of a perfect gae whoee mean kinetic energy 
per molecule woe one erg. 
If 27 = the mean kinetic energy of a molecule of the gas, 
r = absolute temperature of a perfect gas, * 
A = a constant, 
p =r pressure per unit, 
« = volume of a pound of the gas, 
n = the number of molecules in a pound ; 
then, 

E = kr, 
and making k = 1, 
E^r. 
But, equation (2) of Appendix, gives, if Vi = ^ for 1 potmd, 
xpti^r^^2nE\ 
hence, making « = 8, and omitting the subscript, we have 
pv=^\nE\ 

for the value of the temperature at 0* C, or — 273** C. absolute, C. G. S.. 
and 

the absolute unit = 278 -h 2.5 X 10-'« = about 10»« C. degrees. 

" Having seen that temperature is of the same dimensions as etiergy, 
and knowing that the same is true of heat, it follows that entropy, whose 
dimensions are heat -h temperature, is a purely numerical quantity ; and 
the unit of entropy is therefore independent of all other physical units. 
In fact, the entropy of a perfect gae increases by unity, when (toithout atter- 
ing its temperature) it receives by conduction a quantity of heat squcU to the 
mean energy of one of its molecules." 

98. 'Priming or superheating^. Equation (135), 
page 144, may be put ia a more customary form aa fol- 
lows: 
Let 
.T, = the temperature of the water at the boiling point 
under the given pressure in degrees Falir., 
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T^ = the temperature of the feed water, which is as- 
sumed to be the same as that of the higher 
temperature of the water supplying the calo- 
rimeter. 

jT, = the initial temperature of the water supplied to 
the calorimeter. . 

h = the total heat of steam^ being the heat units 
necessary to raise the temperature of one 
pound of water from 32° F. to the boiling 
point and evaporating it at that point. Its 
Talue may be found in special tables, or from 
equation (134) after making a? = 1. 

\ = the heat units in one pound of the water at tlie 
boiling point above 32° F., which will be T,— 
32, nearly, but may be found more accurately 
from Article 95, or more directly from suit- 
able tables : 

A, = the heat units in one pound of the feed water 
above 32° F., 

h = the heat units in one pound of the steam above 
the temperature of the feed water as deter- 
mined from a calorimeter, 

w = the weight of the steam condensed in the calo- 
rimeter, 

W = the weight of the water supplied to the calo- 
rimeter; 
then 

A = I(^. - n (1) 

T. - r, = r. - t; = A. - K, (2) 

A, = h - A. = h - (T; - 32). (3) 

Dividing both namerator and denominator of equa- 
tion (186) by J = C, and subetitating the above values 
gives 
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Peromtofprirmng = 100 ^*"^^' 7" '^^ "" ^ (4) 

h-A.— — (T.-r.),., 
= 100 1-J^- .^'^ 

11 — Aj 

If this equation becomes negative there will have been 
superheating. 

In equation (5), h — A, is the heat supplied above the 

temperature of the feed water to produce one pound of 

W 
saturated steam, and — (jT, — T.) is the heat supplied to 

one pound of steam and water combined. If the entire 
pound be steam at the point of saturation, this quantity 
would equal the former and the expression would reduce to 
zero. But if it exceeded the former there would have been 
superheating, and the expression becomes negative. The 
numerical diflEerence between the two terms would be the 
number of heat units of superheating, and tliis divided by 
the specific heat of steam (0.48) gives the number of de- 
grees of superheating ; or 

■^(r.-ro-ot-A.) 

Deg. superheating = jt-To • 

These two expressions may be partly combined in one, 
thus; if 

j^ = h-A. -^(T.-r.); (7) 

then, if q be positive, we have 

Per cent priming = 100 j- ; 
and if 5' be negative, 

Degrees of superheating = — = ^^ , 
disregarding the sign of q in the result. 
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Accuracy in the calorimeter test requires a correction for 
the heat transferred to the vessel and the vapor escaping at 
the surface. The corrections will depend upon the size of 
the vessel, its material and the manner of conducting the 
experiments, and do not admit of a general practical ex- 
pression. 

99« Specific heat of saturated vapor. To ex- 
plain more fully the fact that the specific heat of saturated 
steam is negative, let c Ah^ Fig. c, be the curve of eahjh 
ration^ and let A^ on this curve, be 
the state of the steam; then it is 
found that if it expands without 
transmission of heat the curve of 
pressures will fall below A h and 
follow some line as J. rf (equations 
(150) and (151), page 154, and below 
equation (185«), page 178). Some of ^^ ^^ 

the steam will have been condensed, 
so that there will be a less nuiss of vwpor than at the state 
A. In order, then, that the initial amount, one pound, 
shall remain as steam during the expansion, heat must be 
supplied to the steam. On the other hand, if the steam 
be compressed without transmission of heat it will be su- 
perheated and follow some line 9A Ae\ and to make its 
path coincide with A c, heat must be abstracted. Rankine 
found, from an inspection of actual curves of expansion 
as shown on indicator diagrams, tliat the equation of the 
curve of expansion was 

p v^ -=. constanty nearly. 

But we have previously found that the equation of the 
curve of saturation is 

J} vil = coneiant, nearly ; 
which equations show that, if they have one common stata 



424 ADDENDA. 

the curve of expansion will fall tinder the curve of satu- 
ration, and the curve of compression rise above it, since it is 
a steeper curve at the common point. This is true for all 
temperatures of steam less than about 976° F. 

Ether engine. To determine the specific heat of 
ether, we have, equation (139), page 147, 

and retaining only two terms of equation (12),, of this 

Addenda, we have 

A, = 93.32 + 0.3870 r ; 

A. 93.32 , ^«^^^ 
. • . -^ = --y- + 0.3870 ; 

^ = 0.3870. 
a r 

We also have 

c = 0.617; 



93.32 



.' .s = 0.517 

which is zero for 

r = 180.5° ; 
or, r = — 280° F ; 

hence, for all temperatures above —280° F., s will be posi- 
tive ; that is, the specific heat of the saturated vapor of ether 
is positive /or all temperatures occurring in practice. 

This reverses certain conditions of the steam-engine. 
Beferring to Fig. o, now let e A d be the curve of satu- 
ration of the vapor of ether; then if the vapor be com- 
pressed from the state A the path of the fluid will fall 
helow A 6, and heat must be supplied in oi'der that the 
path shall \}^ A e>^ that of saturation. On the contrarjr, if it 
be expanded without transmission of heat, the vapor will be 
superheated and its path will rise above A d ; and in order 
that its path shall coincide with A dy heat must be ab- 
stracted. 
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In the ether engine^ if -y, bo the volume of a pound of tlie 
saturated vapor at a temperature r„ and it be comjpressefl 
until its temperature is r, then will the volume of the vapor 
be, equation (150), page 154, 

and the volume of the vapor condensed will be 

Other vapors may be examined in the same manner. (See 
Vapor Engines in the following Article.) 

Temperature of inversion. The temperature at 
which the specific heat of the vapor becomes zero is called 
the temperature of inversion ; below which expansion will 
cause condensation, and above which expansion will cause va- 
porization, and the contrary, the specific heat being negative. 

" M. Hirn* gave an experimental demonstration in 1862 of the con- 
densation accompanying a sudden adiabatic expansion of dry saturated 
steam, and thus proved the negative sign of b* at low temperatures ; he 
allowed steam to pass gently from a boiler, where it was generated under 
5 Atmospheres pressure, through a copper cylinder, 200 c. long and 15 c. 
in diameter, the ends of which were closed by plates of glass, until all 
air and condensed water had been driven out and the sides had attained 
the temperature of the steam ; the exit-stopcock of the cylinder was then 
shut, and, the cylinder being full of dry saturated steam, the connection 
with the boiler was cut off and the exit-stopcock suddenly oi)ened ; the 
pressure at once fell, and the cylinder, which had previously appeared 
perfectly transparent to an observer looking along its axis, became per- 
fectly opaque from the formation of a cloud ; this cloud, however, soon 
disappeared, heat being supplied by the vessel as it cooled from 152'' C. 
(the temperature of saturated steam under 5 ordinary atmospheres) to 
100" C. (the temperature under 1 atmosphere). 

M. Cazinf improved this apparatus by connecting the cylinder with 
another in which a piston was movable, and placing the whole in an oil- 
bath the temperature of which could be varied at will ; saturated vapor 
in the one could then be allowed to suddenly expand into the other, or 

* B\aMHn delaSoe. indtuir, de MiOhoum, czxxiii. (1868), ISO ; Ootnm, zxii. (1808X 
418, 
t aJff.lxH. (1806),oa 
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when filling both could be suddenly compressed by the motion of the 
piston. A cloud was always formed when steam expanded, but never on 
its compression, and with carbon bisulphide the same occurred ; on the 
contrary, as noticed earlier by M. Him, ether vapor never condensed 
during expansion, but always on compression, showing that its temper- 
ature of inversion is below ordinary temperatures ; further, the temper, 
ature of inversion appeared to be between 125° and 129" C. for chlo- 
roform, and for benzine between 115* and 190° C. These results are in 
keeping with theory, M. Regnault's formula giving 790.3°, — 113°, 
123.5*', 100° C. for the temperatures of inversion of carbon bisulphide, 
ether, chloroform, and benzine respectively." 

1 19. The results of Articles 110, 111, 112, illustrate the 
fact that the eflSciency, when the operation is in the cycles 
there assumed, is less than that for Camot's cycle when 
worked between the same limits of temperature. The in- 
itial pressures are the same in each of the three cases, being 
^, = 14400 lbs. The range of temperatures in the Exer- 
cise on page 174, for superheated steam, expanded isother- 
mally, is 

T,-T,= 450 - 110 = 340. 

Initial a])solute temperature = 910.66 ; 

hence, if the heat absorbed had been worked in a Camot's 
cycle the efficiency would have been 

instead of 0.207 as given in equation (171a). 

In the Exercises on pages 176 and 178 for saturated steam 

expanded adiabatically, the initial and final temperatures are 

the same, being 

T, = 327.6, T, = 110 ; 

. • . r, - r, = 217.6, 

r, =: 460.66 -f 327.6 =: 778.66 ; 

T — T 
. • . ^^ -^ = 0.267, 

instead of 0.204 or simply 0.200. The latter is 75 per cent 
of the former. 
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If the feed water were of the same temperature as the 
exhaust steam, we would have 



r, - r, 327.6 - 134 



= 0.245, 



CN 



r, ■" 778.26 

which also exceeds the efficiencies actually found. 

Vapor eng^ines. To find the maxiTmim efficiency of 
the ideal vapor engiv-e. 

Let M = Vj,, Fig. rf, be the volume of one pound of the 
liquid, which assume to be constant at all pressures, AO^p^ 
= the absolute pressure at the temperature r j. Let the vapor 
expand, the temperature being 
maintained constant ; then, since it 
is in contact with the liquid, the 
vapor will be saturated and the 
pressure will be constant, equation 
(80), and the line A B, parallel to 
O Ily will be an isothermal. Con- 
tinue the expansion until the liquid 
is completely evaporated, and rep- 
resent the volume JIT 6^ by t;.. From 

J3 let it be expanded without transmission of heat to a tem- 
perature r, and volume M JI = Vq] then compressed, ab- 
etracUng heat so as to maintain the consta/nt tempera/ture r„ 
and pressure^,, to such a point e/ that when compressed with- 
out transmission of heat it will be entirely liquefied when it 
reaches the initial state A, The adiabatics B C and A J 
will be represented by equation (149). The line B If rep- 
resents the curve of saturation, and if the specific heat of 
the vapor be negative, as steam, the adiabatic B C will fall 
under the line B N 9a before shown. But if the specific 
heat be positive, like the vapor of ether, then may B C rep- 
resent the curve of saturation and B If sji adiabatic, pro- 
vided the vapor is saturated at state 1/ ; or, in other words, 
if the vapor is to remain saturated, the expansion A B will 
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extend to such a point B that, when expanded adiabatically, 
reducing the temperature from r, to r„ the liquid will not 
be completely evaporated before the lower temperature is 
reached. If the ether be completely evaporated at state B 
it will be superheated when expanded adiabatically as shown 
in Article 99 of this Addenda, and B -ST will be the adia- 
batic of an imperfect gas. Similarly, the point of com- 
pression J will be further to the right for ether, and all 
vapors whose specific heat is positive, than for those which 
are negative. 

The heat absorbed will be, equations (21) and (74), 

The heat emitted from C to ^T" will be 

//; = ^|^'K-t^.). (2) 

Making (? r, = ^ t, = rf r, we have, 

ABed= ^Uv,-v:)=^^{v,-v,), (3) 

since the areas of all the strips formed by equidistant iso- 
thermals between adiabatics will be equal, as shown in 
Article 40, page 32. 
The efficiency will be 

d 'O 

which is the same as for the perfect elementary engine, 
equation (159), page 161. This result might have becD 
anticipated, since the cycle is Carnot's. 

97a. To represent greometrically certain rela- 
tions. 

Equations {A\ page 48, or (123), page 135, give 
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dr 



'\\L 



, dll (dp\ , X n dr 

If r be constant daring the expansion d v^ we have dr z^ 
0, and 

Dividing both sides hj dv gives 

( J^) = f|£) . 1. 

\dv/r \d rj^ 
The factor i-f^j w the rafe of change of pressure per 

unit of temperature, and therefore if the rate were uniform 
during the change of unity of temperature from rto r + 1, 
it would be the increase 
of pressure due to an in- 
crease of one degree of \ 
temperature. Draw two ^ 
parallel lines to represent 
two isothermals differing 
by unity. As in the cal- 
culus, these lines may be ^ 
tangents to actual isother- 
mals. Let a w and g p be q 
the isothermals, differing 
by one degree of temperar 
ture. At a let the pres- 
sure be^ ; then will 

If the abscissa of h in ref- 
erence toabea^ = rfv, 

then a cfh ^ac ' ae — \rj^] d v. 




t*M 



FIG. e. 
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Let tlie straight line a g through a be an adiabatic (tangent 
to an actual adiabatic). Divide a p into part& each equal to 
d V, and through the points of division draw lines parallel 
U> a Cy and through their points of intersection with a w 
draw lines parallel to a g; the spaces thus formed will be 
equal ; and equal to a cfby since they have the same base 
and altitude. Hence 

{d<p)r =aghb:= ac/b = (^) (d v)r. 
Dividing hj dvy 

Let a i represent unity of volume, or 
a i = 1 ; 
then 

which is the right member of the preceding equation. 

I -j^j is the number of d qf% between r and t + 1 ^ or an 

increase of volume equal to unity, and is equivalent to the 
area agzm^aoym\ 



\dv)r \dr V 



as deduced above, analytically. 

It will be observed that the subscript of the parenthesis 
on one side of the equation is the same as the independent 
variable on the other side ; that is, r is a subscript on the 
left $ide, and the independent variable ou the other. Writ- 
ing the reciprocal of the preceding equation, and observing 
a similar order of subscripts, we have. 



W<^/p \dpf^'' 
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the geometrical interpretation of which we will proceed to 
show. 

The equation 

^ = a constant 

is the equation of an adiabatic, and the expression ij- ) 

implies the rate of change of temperature due to a change 
in the pressure along the adiabatic a t Let the pressure at 
a be^, and at t^p -f* I9 and a g, parallel to the axis of vol- 
umes; then 

qt=l. 

. • . change of temperature from ato t = l-j— ) . 

The area aghb = d(p; and if this area were extended 
to ty its value would be 

and this also equals 

q t . a e = 1 . d v^; 

' \d (ph "~ \dp 1^' 

Assume any arbitrary area SLsa g I k for an increase of 

^ = 1. Since | ^ — J is the increase of temperature for an 

increase of unity of pressure, it is the temperature of the 
isothermal t above that oi a k; 

.'.Bxesiatnk = (j^)^ {<p = 1). 

The expression \-= — j is the abscissa of v for (p unity, and 

hence is the abscissa of k in reference to a ; and this multi^ 
plied by y ^ = 1, gives 
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hence the equality of the expressions. 

The second equation of thermodynamics is 

, d H ri dr ldv\ J 

which becomes for r constant, 

<«»' = - (jt) ''^ 

If a and b be consecutive states on the isothermal, for an 
increase of volume d v ^ a e^ the pressure decreases an 
amount a d = -^ dp. 



(dv\ 



where api& the increase of volume in passing from one 
isothermal, r, to another a unit higher, r + 1, measured 
on a horizontal line ; and this multiplied by an ordinate q t 

= ^ = 1, gives the area a t up = a t v w. { -7^ is the 

number of 9's between two isotliermals for an increase unity 
in^. 

d(pr^=-<ihhg^=:.a hjp^ 

which divided hj — dp gives 

— at up = — (-T — j = atv w. 
Taking the reciprocal, we have 

\d(p}y \dvl*' 

which may be geometrized in a eimilar manner. 
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Thns, the right-hand member implies the increase of 
temperature for a change of unity of volume on an adia- 
batic. Let a3'=— 1?=— 1, and from q erect a perpen- 
dicolar to meet the adiabatic through a at ^ ; then will the 
increase of temperature at t above that at a be 

If tbe Increase unity of 9> be represented \>^ aglh, then 

Also 

will be the ordinate of g above a^ which multiplied by f = 
unity will give the same result as the preceding. 

113. Cut-off. In the analysis on page 182 no account 
is taken of the condensation of steam. In order to determine 
approximately the modification of the preceding analysis 
which would result from this cause, assume that sufficient 
steam is admitted to produce the same pressure up to the 
point of cut-off as if there were no condensation, and that 
the mean effective pressure is the same ; then will all the 
quantities in expression (191), page 183, remain the same 
except r and A. The value of A will be increased, for larger 
boilers may be required, and more fuel will be required, 
and other incidentals may be increased. In the solution, if 
h be increased, O C^ Fig. 50, page 184, will be increased, 
and CD will be increased in like proportion, since 

CD^^x oa 

Hence, the point D will be found on the same line 
N D^ prolonged ; but the more remote the point D is, 
the further to the right will be the tangent point P, thus 
requiring a later cut-off. In theory or practice, however, 
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the cut-off in case of condensation will not be very much 
larger than if there were no condensation. This case was 
well discussed in the paper by Wolff and Denton in their 
paper read before the Society of Mechanical Engineers^ re- 
ferred to on page 189. It appears from tl^e examples 
there given, that the first cost has an important influence on 
the most economical point of cut-off, and that in stationary 
engines the ratio of expansion should not be very high for 
greatest economy — all elements involved being considered. 
But in marine engines another element enters — that of 
storage room for fuel. Here, all space saved by reducing 
the amount of coal necessary for making a voyage may be- 
come profitable by furnishing room for the storage of mer- 
chandise, or, otherwise, lessening the non-paying burden of 
the ship. Under these conditions very high expansions may 
be economical when they would not be on land service, 
where storage room is of no value. 
Miscellaneous. 

The following are some average results for the total heat of combustion 
per pound of some liquid fuels. {TfisBu, by James Beatty, Jr., Stevens 
Institute. 1884, p. Ta.f . 

Petroleum. i 20,800 B. thermal units. 

Coal gas 20,200" 

Creosote 16,400" 

Asphalt 15,900" 

Anthracite 14,500" 

Carbon • 14,450" 

Bituminous 14,200" 

Lignite 11,800" 

Peat 0,600" 

Watergas a500 " 

Wood 6,800" " •• 

Generatorgas 3,100" 

Air liquefied at high pressures—say with about 40 atmospheres and at 
— 142" C. — may be maintained in a liquid state at a pressure of one 
atmosphere, provided the temperature be lowered to about — 191* C. 
{PhU. Mag., 1885, (2), 463.) = 

This 13 similar to the action of steam. If st/eam be at a pressure of 
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200 pounds to the square inch and temperature 890° F., it cannot be 
liquefied by mere compression ; but if at that pressure the temperature 
be diminished to SdO"*, it will liquefy, and the pressure may be gradually 
removed down to one atmosphere, provided the temperature be reduced 
to 212' P. or less. 

Ouroe cf saturation of oxygen. The experiments of Wroblewski for 
the boiling points of oxygen give the following results (Phil, Mag,, 
1884,(1), 491): 

Presaure. Tempentare. 

Atm. Degrees C. IXegiees F. 

50 - 118 - 171.4 

27.02 - 129.6 - 201.8 

25.85 -131.6 -204.9 

24.40 - 188.4 - 208.1 

• 28.18 - 184.8 - 210.6 

22.2 -185.8 -212.4 

1 -184.0 -299.2 

These plotted on the plane of p and r would be the curve of saturation 
on that plane. 

Evaporation and dissociation. {Pha. Mag,, 1887, (2), 196. 
This is Part IV. of a series of articles upon liquids and vapors.) 

Boilinsr points of s^ftses at atmospheric pressure, or the points 
of liquefaction of gases. M. S. Wroblewski has determined the follow- 
ing values, the temperature being measured by means of a thermo- 
electrical apparatus which was considered correct to within i of a degree 

down to - 200* C. 

BoUing Point at 
Subfltance. Atmoepheiic Preware. 

Degrees. 
C F. 

Air -194.2 -817.5 

Oxygen, O '. -184.0 -299.2 

Nitrogen, N -198.1 -816.6 

Carbonic oxide, CO -198.0 -815.4 

Ethyline.. -198.0 -815.4 

(Ph4l. Mag., 1884. (1), 490.) 

The conductivity of heat in several liquids is given in the PhU. Mag., 
1887, (2), 1-27. The conductivity of water is the highest of all those 
reported. If that of water be 100, that of benzine is about 2^.8, p. 18. 
If that of air be 00049 C. G. S., that of water will be 0.0645, p. 22; 
and that of petroleum about 0.022 ; ether, 0,028 ; carbon disulphide, 
0.016, p. 27. Accordingly, it appears that water is one of the best of the 
liquids for absorbing heat in a boiler. 
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Watt's law. The ium qf the mntiUe and laterU heaU of Ueam U 
eonstarU. 

This is one of the earlier laws deduced from crude experiments, but 
Regnault's experiments sliowed it to be erroneous. (Eq. (78), p. 95. 
Also Browne's translation of Clausius OtiBsai, pp. 131-134.) 

The mechauical equlTalent of liflrbty as determined by Ju- 
lius Thomsen, is about 13.28 foot-pounds per minute for one candle. 
(PhU. Mag , 18«5, Vol. XXX., p. 246.) 

According to Moses G. Farmer, it is about 10.1 foot-pounds per candle 
per minute. (Am, Jour. 8c. and Arti, 1886. Vol. XLI., p. 214.) 

Density of liquefied erases. The aenslty of liquid hydrogen at 
0' C. is 0.025 ; at - 28*' C, 0.032 ; of liquid nitrogen at 0' C. 0.87 ; of 
liquid oxygen. 0.65 at O"" C. (CailleU and Hautefeuelle in CompU* Ben- 
du9. Vol. XCII , p. 1086.) 

According to Wroblewski, the density of liquefied oxygen is 0.899 at 
- 100' C. and 1.24 at - 200* C. {Compter Eendtu, 102. 1010.) 

The specific grravity of ice at 0* C. is 0.91886. {Smithsonian 
Contributions, 1888, Vol. XXXIII., p. 40.) 

Sulphurous acid. Latent heat of eyaporatioh of sulphurous acid 
is 

K = 91.2 — 0.87 t calories, 

very nearly from < = - 10* C. to r = 70^ C. 

Density of the saturated gas is 0.00624 at 7.8° C. ; 0.4017 at 154.9** C. 

DensUyqfthe liquid. 1.4888 at 0' C; 0.6870 at 155.05** C. (Onnptet 
Bendus, Vol. CIV., p. 1664.) 

For more recent and more reliable values, see page 857, and paper by 
the author in the Trana. of the Hodety of Mechanical Engineers, Vol. 
XI., 1890. 

Short trips across the Atlantic. In May, 1889, the City cf 
Paria crossed westward in 5 days, 23 hours and 7 minutes. In August, 
eastward, in 5 days, 23 hours and 44 minutes ; westward. In 5 days, 19 
hours and 18 minutes. In August. 1890, the Teutonie made a wertward 
trip in 5 days, 19 hours and 5 minutes, and claimed to have sailed 40 
miles farther than the City of Pari$ when the latter made her quickest 
trip. The greatest reported speed of the latter exceeded that of the 
former by 5 miles for 24 hours. In August, 1891, the Teutonic made a 
trip in 5 days, 16 hours and 81 minutes. 

Vertical distribution of temperature in the atmosphere Is 
very variable. {Engineering [London], 1889, November, pp. 522, 666.) 

Temperature of space has no sensible existence. (S. P. Langley, 
PhU, Mag.t January, 1890, p. 88.) The mean temperature of sunlit lunar 
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soil is much lower than has been supposed, and is most probably not 
greatly above zero centigrade. (Jhid, p. 58.) 

Heat transmitted through cast-iron plates pickled in nitric acid 
is about 70 per cent, of clean untreated plates. (Carpenter, in TranB. 
8oe. Msch, EngW9, 1890.) 

History of the gas-ensrine* {Sdentific American Supplement, 
1889, p. 11,416.) 

Steam-^nirine practice in 1884 by J. C. Hoadley, C. E. (.Trane, 
Am, Ano.far Ad, of Science, 1884, pp. 289-859.) 

Wbile breathinsTy a man consumes about 215 cubic feet of air per 
hour, or about 17 pounds. 

Page 74.— To show that the elasticity of the air equals its tenaion, 
let pi be the pressure on unity of area, producing a compression A and I 
the length of the column ; then, from Beustance of Materials, we 
have 

p,:=zEj. (a) 

it 

For isothermal change we have 

pv=:Br; 
,* , pdv = — vdpi 
or, making t> = i, <f«= — A. and dp = pi, then 

pX = lpt; 
p X 

which compared with equation (a) gives 

p = E, 
If the change be adiabatic, then 

pv^-(*f 
and by a similar process it will be found that 

Page S3.— To obtain equation (66). let r, be tariable, and dropping 
the subscript ., the variable factor in (64) will be 

1 

Squaring, differentiating, placing equal to zero, and equation (66) is 
leadily found. 
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Page 103. EXERCISE 9— Let Ov.h^iSie volmneof 
a pound of water ; when it is all evaporvCSed, let it he O v^ 
= 26.5 cubic feet. Let v^ A repiCsent the pressure of 

one atmosphere = 2116.3 
pounds per square foot; 
then the external work 
will he Ov^X v, A. Let 
Vi a he the virtual pressure, 
which would, if worked to 
the volume v^ represent 
^^'^' both the external and inr 

temal work ; then, in this exercise, A a will be 12.37 times 
V, A. The heat absorbed in evaporating the pound of water 
will be represented by the area €p^ A B <p^ which in this 
exercise will be 751672 foot-pounds. 

The line ^ ^ is an isothermal of the vapor whose equa- 
tion is of the form 

p -^ • V -\-h. 

The value of p (or h) is given by equation (80), page 97 ; 
or by the equations on pages 413 and 414. The equation 
of ah\^ of the same form, but for steam the last term will 
be about 11 to 12 times v^ A. The equations of the adia- 
batics A q>^ and B((i^ will be given by equation (149), page 
153, or equation (a), page 184. 

Page 109. EXERCISE 1.~Let t be the required temperature ; then 
will the heat lost by the water equal that gained by the other sub- 
stances ; hence 

8(90 - = 10(r - 80) X 0.655 + 20 (« - dO) x ^j'; . '. * = 49.66* P. 

Another way of solving these problems, when there is no change of state, 
as from solid to liquid, is to find the heat in all the substances above 
some assumed initial temperature, and divide the result by the heat 
necessary to raise the several substances one degree, as follows : 

Since the substances are all liquid in this Exerdse, we will treat them 
as if they were liquid from and above 0° F.; then will the heat units in 
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8 IbB. of water at 90* F. above 0* F. be 8 X 00 X 1 = 270, since the 
q)ecific heat of water is unity. In this way find 

8g. i^^^ B. T. U. 



per deg. 
1x8= 8.000 
0.655 X 10 = 6.550 
A X 20 = 0.606 

Total. 10.156 

502.86 
10.156 



B. T. U. 
Deg. Total. 

X 90 = 270 
X 80 r= 196.5 
X 60 =: 86.86 

502.86 



= 49.56" F. 



EXERCISE 2.~In this exercise there will be a change of state from ice 
to water. The heat units above 0** F. will be 

heat in 8 lbs. ice from 0** to 10^.. .0.5 x 8 x 10 = 15 heat units 

" "12 " solid water at 82^... 0.5 x 12 X 82= 192 " " 

heat of fusion 12 lbs - 12x144 = 1728 " •' 

heat in 12 lbs. ir«0 f rom 82 to 60^ . 12 x 28 = 886 " '* 

Total heat in the mixture above 0" F. = 2271 " " 
The heat in the whole mass (15 lbs.) above zero to water at 82'' wiU 
be 

0.5 X 15 X 82 + 15 X 144 = 2400 heat units 
This shows that it would require 2400 — 2271 = 189 more heat units 
to melt all the ice at 82''. If all be melted, then the temperature of 
melting would be 129 -•■ 15 = 8.6' F. below 82*, or 28.4" F. The word- 
ing of the problem should be changed in order to obtain a consistent 
result. Thus, let it be required to find how much ice would be melted ; 
then, if y be the pounds melted, we have 

8 (82 - 10) X 0.5 + 144 y = 12 (60 - 82) ; 
. • . y = 2.1. 

EXERCISE 3.— In this there will be two changes of state from 0" to 
225* F. We have for heat in the two substances 

B. T. U. 

6 lbs. ice above 0" F. ; 0.504 x 6 x 20= 60.48 

1 lb. JJsO from 0' to 82" 0.504 x 1 x 82= 16.128 

plus heat of fusion ^ 1 x 144= 144. 

'• from 82" to 212" 1x180= 180. 

" heat of vaporization 1x966= 966. 

*' steam from 212 to 225 0.48 x 1 x 18= 5.24 



1871.868 



440 ADDENDA. 

Assuming that the Testiltant mixture is liquid, we next find how much 
heat would be necessary to raise the temperature of 7 lbs. from 0* to 
water at 82*, we have 

0.604 X 7 X 83 = 112.896 heat units. 
7 X 144 = 1008. •' " 



Heat required 1120.896 " " 

There will remain 1871.868 - 1120.896 = 260.472 thermal units, and 
this would raise the temperature of the 7 lbs. of water 260.472 -f- 7 = 
85.76 degrees ; hence the temperature Will be 86.76 + 82 = 67.76 degrees 
F., and as this is less than 212 degrees it is the result sought. 

EXERCISE 5.— Let ;r be the required number of pounds, then 
(212 - 200) a; = 966. 

Pagr^ 120*— In order to reduce equations (107) and (108), it will be 
necessary to And v in terms of p and r ; but the equations for imperfect 
fluids usually being p =f {t^ v), the resolution in terms v will be more 
or less complex. Thus, one of the simplest forms is that frequently 

used in this work, pv =z ar — — , which resolved in terms of v is a 

T U 

radical of the second degree, and the -r^ is so complex that when multi- 
plied by (f jp the integral cannot be performed in flnite terms. If, how- 
ever, the equation be that given by Zeuner, equation (21), page 414, v 
will be found as a simple function of r and p, and equations (107) and 
(108) will be more easily reduced than (106) and (106). 

Pag^e 133, — To show the geometrical signification of 
the quantities in the equation 




^•=(^;^'+(l-D"• 



-^^^ let a 5 be the path of the fluid. 

Intersect it by two consecutive 

isothermals, t and r -{- dr, and 

y draw a d parallel to the v axis, 

^^' ^' he and a g parallel to the ^ axis. 

Then the total differential of v, or d v (which is tlie left 

member of the equation), will be the abscissa of b in refer 
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ence to a^ and the total d p will be the ordinate of h in 
reference to a ; hence 

{it; = a c, dp = b c. 

At a draw the tangent a A, and let a g = p = 1^ and 
make a e = b o and draw e f and y h parallel to a dy then 

d v\ 



''=mh 



that is, if the isothermal were the straight line a A, then by 
passing down it until ^ = 1 = aff, the abscissa ^ A in refer- 
ence to a will be as written above. It not being generally 
a straight line, take ae = h o = d p, then, by the simi- 
larity of triangles, 



ef=ffJae=(p) dp. 
ag \dpfT 



9 \dpl 

Since a e \^ negative, being measured downward, we 
really have 

by construction. This is the first tenn of the second mem- 
ber. In the third term f — j would be represented by a rf, 

since p is constant, provided the isothermals were unity 
apart ; but as they are only d r apart we have, on the prin- 
ciple just given, 

hence, 



dv = ac 



ad-cd={^^)^dr+(p^)^[-dp). 
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r^dt 



zero, and we have 



If V be conBtant, the path of the fliud 
will be perpendicular to the axis of v. Let 
a of the preceding figure be moved to the 
right nntil it faUs on Cy as shown in the 
annexed figure, when total d v becomes 



i.^.,QSl,r = ,i,(^±i„^-,i. 



PaiT^ 182.^The equation 

(4m 



\d v)t "^[d rJr 



I deduced from equation (A), p. 48, by dividing both members by d v ; 
hence, in the right member the factor 1 should b^ retained in order to 
make the terms homogeneous, giving 



m^-m. 



•1. 



in which 1 represents unity of volume. 

In representing these quantities geometrically, we will for conven- 
ience use straight lines, a method 
strictly correct at a state. 

Let ^ be the initial state, V% 
— Fi = 1, be the increase of 
volume, il £ the isothermal through 
A, or if the isotheiinal be a curved 
line, then A B will be tangent to 
the isothermal, A <pi, B <p%, adi- 
abatics indefinitely extended ; then 



Is 


I 


b 






^\^z^ 


V. 





X 



FIG. A. 

If a 6 be an isothermal one degree higher than A B, then 



^* 



Aa. 



and 



m,- 



Aah B=i Aa * Vif>%=^ i^j ' 
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If the area <pi AB4pt\»cai hj isothermals CD, BF, etc., dilferiDg 
by unity, then 

AahB^ABDO^ C D F E, =, etc., 
and 

The next equation on page 182, becomea 

.4(lf).='(a.'-{if).>- 

In this case, the temperature of the working fluid is increased. Let ^ a 
be the increase of pressure for an in- 
crease of temperature of one degree 
and 9i «• = 1. Then 

(^\ =4piAB<pt; and the left 

member is the heat necessary to be 
added to that of ^i ^ ^ <p9 in order 
to increase the temperature one de- 
gree, aud maintain it at that tempera- 
ture while it works under the pres- 
sure Vi a, through the space i^i «t, 
provided the pressure is increased 
uniformly with increase of temperature. The right member represents 
the difference of the external works during the expansions at tempera- 
ture r and r -f- 1 plus the difference of the internal works during the 
same expansions. We have 




FIG. t. 



(||X.l = ^«.B. 



The difference of the internal works in expanding along the two 
isothermals, A B and a b, respectively, equals the difference of the in- 
temal works along the paths A a and B b, respectively, and the latter is 
as given on page 119, 

jr. -IT. = r^(,.-,. = l) = rf|..l. 
The next equation on page 182 is 

(11).=^+'/: feu- 
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This repreaents the beat absorbed at constant volume for an increase 
of one degree of temperature. It i8» as shown by the right member, the 
heat which mafaLes the substance hotter, represented by C, plus that which 
does internal work. It may be represented on a diagram of energy by 
the area q>\ A Btp%, in which J. ^ is the in- 
crease of pressure due to an increase unity of 
temperature and 

.C'X (7-r maBtpt, 

The sum of these two quantities is the specific 
heat <U state A. The heat absorbed in raising the 
temperature one degree will be, making ri = 
r 4- 1 in equation (106), or 




The last term, generally, cannot be integrated with r and 9, mutually 
dependent variables as they will be, except for isothermal expansion. The 
iiUemal work will be the same whether the expansion be isothermal or 
adialwtic, if indefinitely extended ; for the two paths are asymptotic to 
each other, and the initial states are the same, so that the two paths 
will form a closed cycle. 

Let A Tx and ^ rt be two isother- 
mals differing by unity ; then may the 
difference of the internal works in 
expanding along these isothermals be 
represented by the shaded area Aamxr, 
and this area will equal the shaded one 
in figure J, or 



Tx Aam\ =^ g>x, Aa ni. 




FIG. k. 



Conceiving the expansion to be isothermal, r will be constant during 
the o-integration, and v constant for the r-integration. If the equa- 
tion of the gas be p « = 22 r — — , then for an increase of one de- 
gree of temperature 



Ti Aami^ 



2a 



« r (r + 1) 



Pasre I39.~ln the equation 
d 

a V 



m)."{m 



1. 
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the yaltte [ -^ — j ' is the heat absorbed for an increase of temperature 
of one degree (or strictly it is the rate at which heat is absorbed per 
degree of temperature) at constant volume, d (- — j is an element- 

aiy increase of this heat, and ^— (-^ j is the elementary amount for 

an increase of volume equal to unity. The value is more readily seen 
from the right member. Referring to equation (106), page 119, it will 
be seen that the right member is the heat absorbed in doing internal 
work for an expansion unity of volume, provided it is uniform through- 

out that volume. Therefore t ( ^-^ ) may be considered as the ordinate 

at any point whose abscissa Is v of the shaded part g)i, A an^ or of 
Ti Aanti, the latter of which will be used in the solution of problems' 
since r will then be constant. 
In the equation (page 182) 



(^\ ^^r(^ 



\dpjr 



(dr)p 



1; 



the left member is the heat absorbed dur- 
ing isothermal expansion for a fall of pres- 
sure equal to unity. Let ii ^ be an isother- 
mal, ^^ = 1, then will 



(if)r = '^^^'^- 




FIG. I. 



Let e is be an isothermal one degree higher than A B; prolong Ah\jQ 
d, and draw B e parallel to Ad; then 

Since bBia negative, we have 
AdeB=Ad'bB= (jj) - (---1) = Aef B = AShg; 

Page 134. — The differential of a function of any number of vari- 
ables may be found by well-known rules, the result being an exact dif- 
fermUial; but it is often difficult to find the primitive of a differential. 
A transformation is often neocssaiy in order to render an equation or an 
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ezpression an exact differential. Thus, the first member of the eqiiar 
Uon 

Is not an exact differential as it stands, for it does not satisfy the condi- 
tion ?^) = d — "ti^J but multiplying the equation by 2 a? it be- 
comes 

2afiydy + 2(l + y^)xdx = o, 

and then 

rf(aa^y) ^d [2x(i+^] 
dx dy * 

for it reduces to 

^xy ^^xy; 
and the integral will be 

««(l+y«) = c. 
If the expression does not equal zero we may write it 
dip — Md X — Nd y ^ o, 

which is a differential equation of three variables, of which, two may be 
independent. According to the theory of Differential Equations, the 
last equation can be integrated if 

Mdx + 2fdy = o 

can be integrated (Boole's IXf. Sqi., 4th ed., page 270). An integrating 
factor always exists for the latter equation, although it cannot always 
be found. The equation 

dff=K^ dr+r(^) dv 



on page 48 is an equation of three variables, of which r and « are inde- 
pendent of each other. If 

^^dr+T^^)dv = o 

is integrable, then is the former equation also integrable. It has been 
found by some writers that the integrating factor is — ; hence, 
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Is integrable. For instance, substituting the value of Ky from page 119, 
it may be found that 

The function of v may be found in some cases when the equation of 
the gas is known. (Boole's Dif. Eq9., page 49.) The integral is of little 
value except when the temperature is constant. 

If a substance be worked in a cycle the resultant internal work will be 
zero, and the resultant internal energy will be constant ; hence the 
expressions 

" d E, dff — pdt. 



dff 
r ' 



page 185, etc., are exact difiTerentials. 

Page 142. — ^The thermodynamic function of a perfect gas between 
finite limits becomes 

Let the expansion from Vi to «i be iso- 
thermal along AG. Let Ji? 2> be an iso- 
thermal one degree lower than A C, 
Ag>i <pt adiabatics ; then 

AODE^Rlog-' 

Equation (36), page 55, makes this evi- 
dent. Take Fou the adiabatic through 
B, one degree lower than the temperature 
of B, and similarly for all points between ^and D and draw FD ; then 




PIG. m. 



Clog-^= CBFD. 

Let ^ ^ be any arbitrary path of the fluid ; between A and B draw 
consecutive adiabatics, e d and / e, etc., and make efgh:=abed, etc., 
thus determining a point g, and in a similar manner find other poinU as 
p 0, etc., and draw Eg o F\ then 

<Pt- <Px — ABFE= A CDE+ OBFD, 

Page 1 79.— The theoretical efficiency for each of the three cases 
considered is about 20 per cent. But no allowances were made for 
clearance, condensation, nor for the imperfection of the indicator diagram. 
In order to reach more nearly to actual conditions, assume that clearance 
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reduces tlie efficiency 8 per cent. ; condensation, saj 25 per cent. ; imper- 
fection of the diagram, saj, 4 per cent Then will tbe practice effi- 
ciency be 

0.»7 X 0.75 X 0.96 = 0.70 nearly 

of the theoretical value ; hence the actual would be 

20 X 0.70 = 14 per cent, 
which has been exceeded in practice, as shown on page 221. 

Page 234.~Exebcisb 2. If i^ of the heat is abstracted by the re> 
f rigerator, then -^ does woriL, and the efficiency, neglecting friction and 
leakage, will be 80 per cent. 

If 1670000 be ttf. then will the entire heat absorbed be 1670000 -^ 0.3 
= 6666666 ft lbs. The heat removed by the refrigerator will be 250 X 
18 X 778 =: 8501000 ft lbs. ; hence, if the data is correct, the total 
heat would be 1670000+ 8501000 = 5.171,000; and the heat unac- 
counted for would be 5566666 — 5171000 = 895666 foot-pounds, which is 
about 7 per cent, of the whole. The data are inconsistent unless it be 
assumed that about 7 per cent is consumed by the friction of the engine. 

During^ a test of a De La Yergne ice-making machine at Memphis, 
Tenn., from July 2lBt to August 10th, 1888, 1,221,172 pounds of com- 
mercial ice were produced by a consumption of 180597 pounds of 
bituminous coal ; giving an average for the 20 days of 6.76 pounds of ice 
per pound of coal. If the coal cost $4 per 2000 pounds, then would the 
coal bill be 3^f of a cent per pound of ice. 

liatent heat of vaporization of Ammonia, NH..— Dr. 
Von Strombeck determined this value at 82.45'' F. and Regnault found 
the same at 58.01* F. (For the latter see a paper by Professor Jacobus 
in the TVaiu. of the Am, 8oc. Mech. Eng., vol. xii.) These results fur- 
nish a check to the theoretical formuhi (860). page 882. The following 
are the results : 

At 82.45- F. the author finds by Table VI Ae =585.18 

At 82.45' F. Dr. Von Strombeck finds h^ =584 2 

Difference 0.98 

or about J of one per cent 

At58''F. the author finds Ae = 622.89 

; At 58' F. Regnault exp. gives A«=521.64 

Difference 0.75 

or about \ of one percent 
These results indicate that Table VI. is practically exact 
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Latent heat of the Taporlzation of Sulphur Dioxide, 80«. 



l)eg.F. 


Sxperimental 
rwttiu. 


867. 


Difference. 


—10 



6.74 

10.50 

20. 


170.21 
165.06 
160.88 
157.18 
152.06 


178.68 
171.26 
160.02 
168.56 
165.59 


8.47 

6.20 

8.04 

11.88 

18.58 



From these results it will be seen that the ezperimeotal and theoretica] 
results depart more and more with increase of temperature. The fol- 
lowing formula represents the results of these^ experiments, for the 80' 
here given, with sufficient accuracy 

h. =177.65-0 885 r, 
in which T is degrees P. At 140* F. this gives A. = 128.75, while 
the theoretical table gives 108^, a difference of 15.88 heat units, or 14 
per cent. It is probable, therefore, that the above formula gives more 
accurate results than formula (<;), page 857 ; and this would diminish 
the computed volume of the pound of vapor in Table VII. in the same 
ratio, being an average of about 5 per cent, within the limits for which 
it is ordinarily used in practice. 

The equation for the flow of steam from a straight uniform 
tube of large diameter into a straight uniform tube of small diameter is : 

in which J is the mechanical equivalent of heat, and ff is the acceleration 
due to gravity ; Q is the heat given to the steam at the orifice where the 
small tube joins the large one ; «« is the velocity in the lai^ge tube at a dis- 
tance from the orifice, and rt the velocity in the small tube also at a dis- 
tance trom the orifice ; pm and ph are the pressures in the tubes A and B, 
Pu being the larger, and A» and h^ are the latent heats of vaporization, and 
9« and ^ the heats of the liquid corresponding ; a*, is the part of one 
unit of weight of the %iid in the tube A which is dry steam, and 1 — ii;^ is 
the part which is water mingled with the steam ; a^b is the corresponding 
quantity for the tube B; S the weight of unity of volume of the liquid. 

It is assumed that neither tube gives heat to the steam or receives heat 
from them, and that the friction of the fluid on the sides of the wall can be 
neglected. The heat Q is supposed to be given at the orifice ; it is com- 
monly assumed to be zero, in which case the flow is said to he adiabatic. 

The value of x^ must be determined by experiment, irb can then be 
determined by the equation : 

g>^* . /*'• ^'^^ (en. rthedt .^^ 

~^Ju ~"^.^Ju -r ■ ■ ' ^-^ 
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BEFBIGEBATING KACHIKE. 



Test of a Pulsombtbk bt C. G. Atwateb ash Charles B. Hodges, 
OF THE Class of '91, Stbyeks Institute, under the super?isioQ 
of the Department of Tests. The pamp was taken from the ordi- 
nary stock of machines on hand, and was known as No. 6. Tests 
were for three hours each. 



Data jjkd Rbbulti. 



Strokee per minnte 

Steam preeeare In pipe before throttling, llw. 

" temperatare after throttling, Deg. F. . 

**' amount of superheating, Deg. F 

" total heat of, above lugheet tempera- 
ture of water, B. T. U 

*' oaed as determined from temp., Ibe .. 

Water pumped, lbs 

'* temp., before entering pump, Deg. F. 

** temperature after leaving pnmp,Deg.F. 

" riseof, Deg.F....r^... 

*• heat absorbed, B. T. U 

*' head by gauge on lift, ft 

^ " " suction, ft 

* total(H) 

** " " measure on lift 

•* ** " *♦ " sucUon 

" " " •* total (h> 

Efficiency of pump compared with total 

work, (h) + (H) 

Total work as per gauges, ft. lbs 

Efficiency of the pulsometer . . : 

** ** plant exclusive of boiler 

" '* '* if that of boiler and fur- 
nace be 0.7 

Duty of pump per 100 lbs. coal if 1 lb. evap- 
orates 8 lbs. water , 

Duty if 1 lb. coal evaporates 10 lbs. water. 



NmBBB ov THS Test. 



1 


S 


8 


4 


71. 


60. 


57. 


64. 


114. 


110. 


127. 


104.8 


19. 


80. 


48.8 


26.1 


270.4 


«77.4 


809. 


270.1 


8.1 


8. 


17.4 


1.4 


1118.67 


lllt.44 


1197. 


1191.9 


1«17. 


9Bil 


1518. 


1019.9 


404786. 


186869. ; 998486. 


248058. 


76.16 


80.6 76.8 


70 96 


7».6« 


86.1 


88.79 


74.8 


447 


6.6 


7.49 


4.55 


1816W. 


1094993. 


1704498. 


1148627. 


ao.90 


rcoi 


54.05 


S9.9 


1S.96 


VLM 


19.67 


19 67 


4;).16 


66.81 


78.72 


49 87 


V68 


60.8 


508 


25.80 


7.5 


7.6 


16.8 


16.80 


82.8 


67.8 


66.6 


41.60 


0.777 


0.877 


0.911 


0.889 


16060886. 


19886940. 


10795192. 


12273SEi8. 


0.012 


0.0155 


0.0126 


0.0188 


0.0098 


0.0186 


0.0115 


0.0116 


0.0066 


0.0095 


0.0080 


0.0061 


8409190. 


10n9800, 


8847900. 


9029040. 


10611400. 


i«i9iooa 


110B8B00. 


19086800. 



Of the two tests having the highest lift (5i.06 ft.), that was more effi- 
cient which had the smaller suction (12.26 ft.), and this also was the most 
efficient of all the tests. But in the other two tests haying the same 
lift (29.9), that was most efficient which had the greater suction (19.67). 
The pressures used, 19, 80, 48.8, 26.1, were made to follow the order of 
total heads, but are not proportional thereto.. They doubtless have 
much to do with the efficiency, but no attempt was made to determine 
the pressure which would give the highest efficiency. The first test 
compared with the other three is somewhat paradoxical Thus, it is 
peculiar that a pressure of 19 pounds of steam should produce a greater 
number of strokes and pump over 50 per cent, more water than 26.1 
pounds of steam, the lift being the same. 
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LOOABITHHS OF NDXBEB8. 



N 





1 


2 


3 


4 


6 


6 


7 


8 


9 


D 


GOOD 


018 


086 


128 


170 


212 


258 


294 


884 


874 


"^ 


11 


414 


458 


492 


581 


569 


607 


645 


682 


719 


755 


88 


12 


792 


828 


864 


899 


984 


969 


1004 


1088 


10» 


1108 


85 


18 


1189 


173 


206 


289 


271 


808 


885 


867 


899 


480 


88 


14 
16 


461 


402 


528 


558 


584 


614 


644 


678 


708 


782 


80 
88 


1761 


790 


818 


"847 


875 


903 


981 


959 


987 


8014 


Itf 


2041 


068 


095 


122 


148 


175 


201 


227 


258 


279 


86 


17 


804 


880 


855 


880 


405 


480 


455 


480 


504 


529 


86 


18 


553 


577 


001 


625 


648 


672 


695 


718 


742 


765 


84 


19 
20 


788 


810 


888 


856 


878 


900 


928 


945 


967 


989 


88 
81 


8010 


032 


054 


075 


096 


118 


189 


160 


181 


201 


21 


222 


248 


268 


284 


804 


824 


345 


865 


385 


404 


80 


22 


424 


444 


464 


488 


502 


522 


541 


560 


579 


508 


19 


28 


617 


686 


655 


674 


692 


711 


729 


747 


766 


784 


19 


24 
26 


b02 


820 


888 


856 


874 


892 


909 


927 


945 


962 


18 
17 


3979 


997 


4014 


4081 


4048 


4065 


4088 


4000 


4116 


4188 


2tf 


4150 


166 


188 


200 


216 


282 


249 


265 


281 


298 


16 


27 


814 


830 


846 


862 


378 


898 


409 


425 


440 


456 


16 


28 


472 


487 


502 


518 


588 


548 


564. 


579 


594 


609 


16 


29 
80 


624 


689 


654 


669 


688 


698 


718 


728 


742 


757 


16 
14 


4771 


786 


800 


814 


829 


843 


857 


"StT 


886 


900 


81 


914 


928 


942 


955 


169 


988 


997 


fiOll 


0084 


5088 


14 


82 


5051 


065 


079 


092 


105 


119 


132 


145 


169 


172 


18 


88 


185 


198 


211 


224 


237 


250 


268 


276 


289 


302 


18 


84 


815 


828 


840 


858 


866 


878 


891 


408 


416 


428 


18 
18 


5441 


453 


465 


478 


490 


502 


"SIT 


"ssr 


589 


551 


36 


568 


575 


587 


599 


611 


628 


685 


647 


658 


670 


18 


87 


682 


694 


705 


717 


729 


740 


752 


768 


775 


786 


18 


84 


798 


809 


821 


882 


843 


855 


866 


877 


888 


899 




89 
40 


911 


922 


988 


944 


955 


966 


977 


988 


999 


6010 




6021 


031 


042 


058 


064 


075 


085 


096 


107 


117 


41 


128 


188 


149 


160 


170 


180 


191 


201 


212 


222 




42 


282 


248 


258 


263 


274 


284 


294 


304 


814 


825 




48 


385 


845 


355 


365 


875 


385 


895 


405 


415 


425 




44 
45 


485 


444 


454 


464 


474 


484 


498 


508 


513 


522 




6532 


512 


551 


661 


571 


580 


Too" 


599 


600 


618 


46 


628 


687 


646 


656 


065 


676 


684 


698 


702 


712 




47 


721 


730 


739 


749 


758 


767 


776 


785 


794 


803 




48 


812 


821 


880 


889 


848 


857 


866 


875 


884 


893 




49 
50 


902 


911 


920 


928 


987 


946 


955 


964 


972 


981 




6990 


098 


7007 


7016 


70«4 


7088 


7048 


70BO 


7058 


7007 


51 


7076 


084 


098 


iOl 


110 


118 


126 


135 


143 


152 




62 


160 


168 


177 


185 


198 


202 


210 


218 


226 


285 




58 


243 


251 


259 


267 


275 


284 


292 


300 


808 


816 




54 1 324 


882 


340 


348 


356 


364 


872 


380 


888 


896 





JjOaXBTIBMB OF OTnCBBBS. 
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N 





1 


2 


8 


4 


6 


6 


7 


8 


9 


D 


IT 


7404 


412 


419 


427 


485 


448 


IST 


IS" 


IST 


"ItT 




56 


482 


490 


497 


506 


518 


590 


528 


686 


648 


651 




57 


559 


566 


574 


582 


589 


697 


604 


612 


619 


627 




58 


684 


642 


649 


657 


664 


672 


679 


686 


694 


701 




69 


709 


716 


728 


731 


788 


745 


752 


760 


767 


774 




7782 


789 


796 


808 


810 


818 


825 


832 


"SS" 


846 


61 


858 


860 


868 


875 


882 


889 


896 


908 


910 


917 




62 


924 


981 


938 


945 


952 


95J 


966 


978 


980 


987 




68 


998 


8000 


8007 


8014 


8081 


8088 


8086 


8041 


8048 


80B5 




64 
65 


8062 


069 


075 


082 


089 


096 


102 


109 


116 


122 




8129 


186 


142 


149 


156 


162 


169 


176 


182 


189 


66 


195 


202 


209 


215 


222 


228 


285 


241 


248 


254 




67 


261 


267 


274 


280 


287 


298 


299 


806 


812 


819 




68 


825 


881 


838 


844 


851 


857 


868 


870 


876 


882 




69 
70 


888 


895 


401 


407 


414 


420 


426 


482 


489 


445 




8451 


457 


468 


470 


476 


482 


488 


494 


500 


506 


71 


518 


519 


525 


681 


587 


648 


549 


655 


561 


667 




72 


578 


579 


685 


591 


597 


608 


609 


615 


621 


627 




78 


688 


689 


645 


651 


657 


668 


669 


675 


681 


686 




74 
75 


692 


698 


704 


710 


716 


722 


727 


788 


739 


746 




8751 


756 


763 


768 


774 


779 


785 


791 


797 


802 


76 


808 


814 


820 


825 


831 


887 


842 


848 


854 


859 




77 


865 


871 


876 


882 


887 


893 


899 


904 


910 


915 




78 


921 


927 


982 


988 


943 


949 


954 


960 


965 


971 




79 
80 


976 


982 


987 


998 


898 


fi004 


9000 


9015 


9090 


9085 




9031 


086 


042 


047 


053 


058 


068 


069 


074 


079 


81 


085 


090 


096 


101 


106 


112 


117 


122 


128 


188 




82 


138 


148 


149 


154 


159 


165 


170 


175 


180 


186 




88 


191 


190 


201 


206 


212 


217 


222 


227 


282 


238 




84 
85 


243 


248 


253 


258 


263 


269 


274 


279 


284 


289 




9294 


299 


804 


809 


815 


820 


825 


880 


335 


840 


86 


845 


850 


855 


860 


365 


870 


875 


880 


385 


890 




87 


895 


400 


405 


410 


415 


420 


4^ 


480 


486 


440 




88 


445 


460 


455 


460 


465 


469 


474 


479 


484 


489 




89 
90 


494 


499 


504 


509 


518 


518 


528 


528 


538 


638 




9542 


"547* 


662 


557 


562 


566 


571 


676 


581 


586 


91 


590 


595 


600 


605 


609 


614 


619 


624 


628 


688 




92 


688 


648 


647 


652 


657 


661 


666 


671 


67b 


680 




98 


685 


689 


694 


699 


708 


708 


718 


717 


722 


727 




94 
95 


731 


786 


741 


745 


750 


754 


759 


768 


768 


778 




9777 


782 


786 


791 


"795 


800 


805 


"soT 


814 


818 


96 


828 


827 


882 


886 


841 


845 


850 


854 


859 


863 




97 


868 


872 


877 


881 


886 


890 


894 


899 


908 


908 




98 


912 


917 


921 


926 


980 


984 


939 


948 


948 


952 




99 


956 


961 


965 


969 


974 


978 


988 


987 


991 


996 





4^6 



logabithms of nukbebs. 
Proportional Parts. 



D 


1 


2 


3 


4 


5 


6 


7 


8 


9 


42 


4.2 


8.4 


12.6 


16.8 


21.0 


25.2 


29.4 


8a6 


87.8 


88 


8.8 


7.6 


11.4 


15.2 


19.0 


22.8 


26.6 


80.4 


842 


85 


85 


7.0 


10.5 


14.0 


17.5 


21.0 


245 


28.U 


81.5 


8:8 


8.2 


6.4 


9.6 


12.8 


16.0 


19.2 


22.4 


25.6 


28.8 


80 


8.0 


6.0 


9.0 


12.0 


15.0 


18.0 


21.0 


240 


27.0 


88 


T8" 


"TT" 


"TC^" 


lU 


TTir 


16.8 


"!jnr 


IBT" 


T8T" 


d6 


2.6 


5.2 


7.8 


10.4 


18.0 


15.6 


18.2 


20.8 


28.4 


25 


2.5 


5.0 


7.6 


10.0 


12.5 


15.0 


17.5 


20.0 


22.5 


24 


2.4 


4.8 


7.2 


9.6 


12.0 


14.4 


16.8 


19.2 


21.6 


22 


2.2 


44 


6.6 


8.8 


11.0 


18.2 


15.4 


17.6 


19.8 


21 


TT" 




nrr 


"^n^ 


1A.8 


TO" 


■Rr 


"18:8 


ii.i 


20 


2.0 


4.0 


6.0 


8.0 


10.0 


12.0 


140 


16.0 


18.0 


19 


1.9 


8.8 


5.7 


7.6 


9.5 


11.4 


18.8 


16.2 


17.1 


18 


1.8 


8.6 


5.4 


7.2 


9.0 


10.8 


12.6 


144 


16.2 


17 


1.7 


8.4 


6.1 


6.8 


8.5 


10.2 


11.9 


18.0 


16.8 


16 


TT" 


TT" 


^^^" 


"TIT* 


TT 


TT 






"4.4 


15 


1.5 


8.0 


4!5 


6!o 


7.5 


9.0 


10.5 


12.0 


18.6 


14 


1.4 


2.8 


4.2 


5.6 


7.0 


8.4 


0.8 


11.2 


12.6 


18 


1.8 


2.6 


8.9 


&2 


6c5 


7.8 


9.1 


IM 


11.7 


12 


1>2 


2.4 


8L6 


4.8 


OLO 


7.2 


a4 


9.6 


10.8 


11 


^T^^ 


"TT" 


"TT" 


4.4 


"TT" 


"TT 


TV* 


"8T" 


i.l^ 


10 


i!o 


2.0 


8.0 


4.0 


5.0 


6.0 


7.0 


8.0 


9.0 


9 


.9 


1.8 


8.7 


8.6 


4.5 


6.4 


6.8 


7.2 


8.1 


8 


.8 


1.6 


2.4 


8.2 


4.0 


4.8 


5.6 


6.4 


7.2 


7 


.7 


1.4 


2.1 


2.8 


8.5 


42 


49 


5.6 


6.8 


6 


A 


1.*^ 


1.8 


ZA 


TT 


"TjT 


ii" 


"W 


"T!r" 


6 


.5 


1.0 


1.5 


2.0 


2.5 


8.0 


8.5 


4.0 


45 


4 


.4 


.8 


1.2 


1.6 


2.0 


2.4 


2.8 


8.2 


8.6 


8 


.8 


.0 


.9 


1.2 


1.5 


1.8 


2.1 


2.4 


2.7 


2 


.2 


.4 


.6 


.8 


1.0 


1.2 


1.4 


1.6 


1.8 



Moduluft of the common system = 0.4842945. 
logAO = 2.802585 = 



0.4842945 
e = 2.71828128 
log,.e = 0.4842945. 
fcy.iVr=: 2.802585 fo»r»^. 
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TABLE IL 

REDUCTION TABLES. 

CoirnBBsioN of English and Hbtbic Units. 

1 Foot = 0.8048 metre. 

1 Litre (vol. of 1 kilog. water) = 0.3202 gal. 

1 Gallon (vol. of 10 lbs. water) = 4.541 litres. 

1 Kilogramme per sq. mm. = 1422.28 lbs. per sq. in. 

1 Lb. per sq. inch = 708.0058 kilog. per sq. metre. 

1 Grain = 0.0648 gram. 

1 Foot-pound = 0.1888 metre-kik)g. 

1 Atmosphere = 14.7 lbs. per sq. in. = 10384 kilog. per sq. metre = 

29.922 inches, or 760 mm. of mercury = 88.9 ft, or 10| metres of 

water. 
1 Pound av. = 0.4586 kilog. 

1 Calorie (kilog. water raised 1* C.) = 424 metre-kilog. = 8.9688B. T.U. 
1 Eng. heat unit (lb. water raised l** F.) = 778 ft. -lbs. = 0.254 calorie. 

Fbench Mbasitbbb in E<2Uiyalent English Mbasurbs. 

mbasubes of lbngth. 

1 Millimetre = 0.08987079 inch, or about ^ inch. 
1 Centimetre = 0.8987079 inch, or about 0.4 inch. 
1 Decimetre = 8.987079 inches. 
1 Metre = 89.87079 inches = 8.28 feet nearly. 

1 Kilometre = 89870.79 inches. 

1CBA8UBB8 OF ABBA. 

1 sq. decimetre = 15.5006 sq. inches. 

1 sq. metre = 1550.06 sq. inches, or 10.764 sq. ft 

MBA8UBB8 OF WBIOHT. 

1 Gramme t= 15.482849 grains. 

1 Kilogramme = 15482.849 grains. 2.2046 lbs., or 2.2 lbs. nearly. 

TWO UNITS INYOLYBD. 

1 Gramme per sq. centimetre = 2.048098 lbs. per sq. foot 
1 Kilogramme per sq. metre = 0.2048098 " " 

1 Kilogranune per sq. millimetre = 2.048098 
1 Kilogramme metre = 7.28814 ft.-lb6. 

= 7i ft lbs. nearly. 
1 force de cheval = 75 kilogrammetres per second, or 542^ foot- 
pounds per second nearly. 1 horse-power = 550 foot pounds per second 
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TABLES. 



TABLE m. 



Liquids and Solem. 



Water, pure (at 89M F.) 
" sea, ordinary. . . . . 

Alcohol, pure 

•* proof spirit...., 

Ether 

Mercury 

Naphtha 

Oil, linseed 

*' olive 

" whale 

" of turpentine , 

Petroleum 

Ice 

Brass ;... 

Bronze 

Srr.v";.::::::::::: 

Iron, cast , 

Iron, wrought , 

Lead 

Platinum 

Silver 

Steel- 

Tin 

Zinc 



Weight of a cu- 
bic Toot of the 
■abstanoe. 



w. 

62.425 

64.06 

49.88 

57.18 
44.70 
848.75 
52.94 
58.68 
57.12 
57.62 
54.81 
54.81 
67.5 
487 to 533 

524 
587 to 556 

1186 to 1224 
444 
480 
712 

1811 to 1873 
655 
490 
462 





Bzpamion. 
-tJquids 




per Quit of 


Specific Gcav- 


Tolame, 8o- 


itj. 


Ud0 per nnit 




of lensth, 
from 88*^ to 




218»P. 


8. G. 


E. 


1.000 


0.04775 


1.026 


0.05 


0.791 


0.1112 


0.916 




0.716 


• . • • 


18.596 


0.018158 


0.848 


. . • • 


0.940 


0.08 


0.915 


0.08 


0.923 


. • • • 


0.870 


0.07 


0.878 


• % • • 


0.92 


• • • • 


7.8 to 8.5 


.00216 


8.4 


.00181 


8.6 to 8.9 


.00184 


19 to 19.6 


.0015 


7.11 


.0011 


7.69 


.0012 


11.4 


.0029 


21 to 22 


.0009 


10.5 


.002 


7.85 


.0012 


7.4 


.0022 


7.2 


.00294 



Specific 
HeaL 



C. 
1.000 



0.517 
0.088 
0.484 



.484 
.504 



.0951 
.0298 

.ii88 
.0298 
.0814 
.0557 

.OSU 
.0927 
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TABLE IV. 
Propebtibb of Gabbs Conbidbbbd Pebfbct. 



I. 



Kaju ov thi Gab. 



Atmospheric Air. 

Oxygen 

Nitrogen 

Hydrogen 

Chlorine 

Bromine 



Nitric Oxide 

Carbonic Oxide.... 
Hydrochloric Acid. 

Carbonic Acid 

Nitric Acid 

Steam 



Sulphuric Acid 

Hyaro-Bulphuric Acid 
Carbonic Di-sulphlde. 

Carburetted Hydrogen 

Chloroform 

Oleflant Gas 



Ammonia Gas 

Benzine 

Oil of Turpentine. . 

Wood Spirit 

Alcohol 

Ether 



Ethyl Sulphide. 
Ethyl Chloride. . 
Ethyl Bromide.. 



Dutch Liquid 

Aceton 

Butyric Acid 

Tri chloride of Silicon 
Tri-chlorideofPhos-/ 
phorus J 

Tri-chloride of Arnenic 
Tetra-chlorideofTi) 
tanium \ 

Tetrachloride of Tin . 



U. 



Chemical 
■itionT 



O, 
N. 

H, 
CI, 
Br. 

NO 
CO 
HCl 

CO, 
N,0 
H,0 

SO, 
H,S 

cs. 
CH4 

C H CI, 
C,H4 

NH, 
C. H. 
Ci« Hi, 

CH4O 
CH.O 
C4 H,o O 

C4 H,. S 
C, H, CI 
C, H. Br 

C, H. a, 
CH.O 
C4 H, O, 

Si CI, 

PCl. 

As CI, 
TiCU 

SnCU 



m. 



Density. 



1 

1.1056 

0.9718 

0.0692 
2.4a02 
5.4772 

1.0884 
0.9678 
1.2506 

1.5201 
1.5241 
0.6219 

2.2118 
1.1747 
2.6258 

0.5527 
4.1244 
0.9672 

0.5894 
2.6942 
4.0978 

1.1055 
1.5890 
2.5578 

8.1101 
2.2269 
8.7058 

8.4174 
2.0086 
8.0400 

5.8888 

4.7464 

6.2667 
6.6402 

8.9654 



IV. I V. 

Specific Heftt at 

CoDBtant Preasore 



VI I vn. 

SpecUc Heat at 
CrnBtantVoIame 



compared 
Weight 

tS 
Weight 

wltb 
Water. 



0.2875 

0.21751 

0.24880 

8.40900 
0.12099 
0.05552 

0.2817 
0.2450 
0.1852 

0.2169 
0.2262 
0.4805 

0.1544 
0.2482 
0.1569 

0.5929 
0.1567 
0.4040 

0.5084 
0.8754 
0.5061 

0.4580 
0.4584 
0.4797 

0.4008 
0.2788 
0.1896 



0.! 

0.4125 

0.4008 

0.1822 

0.1847 

0.1122 
0.1290 

0.0989 



com* 

'O' Vo*. Weight 
nmewith ^ 
Air. Water. 



1 0.1689 

1.018 0.1551 
0.997 0.1727 



0.998 
1.248 
1.280 

1.018 
0.998 
0.982 

1.89 
1.45 
1.26 

1.44 
1.20 
1.74 

1.88 
2.72 
1.75 

1.26 

4.26 

10.01 

2.18 
8.08 
5.16 

5.25 
2.57 
2.96 

8.80 
8.48 
5.18 

8.27 

2.09 

2.96 
8.61 

8.54 



com- 
pared 

Volume 
for 

Volume 
with 
Air. 



2.411 

0.0928 

0.0429 

0.1652 
0.1786 
0.1804 

0.172 
0.181 
0.870 

0.128 
0.184 
0.181 

0.468 
0.140 
0.859 

0.898 
0.850 
0.491 

0.895 
0.410 
0.458 

0.879 
0.248 
0.171 

0.209 
0.878 
0.878 

0.120 

0.120 

0.101 
0.119 

0.086 



1 

1.018 

0.996 

0.990 
1.850 
1.895 

1 018 
0.997 
0.975 

1.56 
1.64 
1.86 

1.62 
1.29 
2.04 

1.54 
8.48 
2.06 

1.87 

5.60 

18.71 

2.60 
8.87 
6.87 

6.99 
8 21 
8.76 

4.24 
4.50 
6.82 

4 21 

8.89 

8.77 

4.67 

4.59 
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TABLE V. 

Satubatbo Steam. 
p, Pressure per sqaare inch. 
T, Temperature degrees F., Eq. (81), page 07. 
f , Volume of a pound of saturated steam in cubic feet, equation 
(84), in which p is pounds per 9quarefoot 

to. Weight of a cubic foot of steam = — • 

A, The heat in one x)ound of liquid above 82" F. in thermal units, 
equation (7), page 308. The values, however, are the direct results of 
Begnault*s experiments. 

A«, The latent heat of evaporation in thermal units, equation (10), 
page 400. 

h, The total heat of steam above 82** F. being equal to /i + A«. 

SATURATED STEAM. 



p- 


T, 


«. 


w. 


h. 


Ae. 


li. 


0.089 
0.2 

1 


82.0 

54.0 

102.0 


8887. 

1482. 

885. 


00029 
0.00066 
0.00299 


0.0 
22.1 
70.0 


1091.7 
1076.8 
1048.0 


1091.7 
1098.4 
1113.1 


5 

10 
15 


162.8 
198.2 
218.0 


78. 
88. 
26.2 


0.01866 
0.02621 
0.03826 


180.7 
161.9 
181.8 


1000.8 
9790 
965.1 


1181.5 
1140.9 
1146.9 


20 
25 
80 


228.0 
240.0 
250.8 


19.9 
16.1 
18.6 


0.05028 
0.06199 
0.07860 


196.9 
209.1 
219.4 


954.6 
946.0 
988.9 


1151.5 
1155.1 
1158.8 


85 

40 
45 


259.2 
267.1 
274.8 


11.8 

10.4 

9.8 


0.06508 
0.09644 
0.1077 


238.4 
286.4 
248.6 


982.6 
927.0 
922.0 


1161.0 
1168.4 
1165.6 


50 
55 
00 


280.9 
286.9 
292.5 


8.4 

7.7 
7.1 


0.1188 
0.1299 
0.1409 


250.2 
256.8 
261.9 


917.4 
918.1 
909.8 


1167.6 
1169.4 
1171.2 


65 
70 
75 


297.8 
802.7 
807.4 


6.6 

6.15 

5.70 


0.1519 
0.1628 
0.1786 


267.2 
272.2 
276.9 


905.5 
902.1 
898.8 


1172.7 
1174.8 
1175.7 


80 
85 
00 


810.9 
815.2 
820.0 


5.49 

5.18 
4.858 


0.1848 
0.1961 
0.2058 


281.4 
285.8 
290.0 


895.6 
892.5 
889.6 


1177.0 
1178.8 
1179.6 


05 

100 
105 


828.9 
827.6 
881.1 


4.619 

4.4oa 

4.206 


0.2165 
0.2271 
0.2378 


294.0 
297.9 
801.6 


886.7 
884.0 
881.8 


1180.7 
1181.9 
1182.9 


110 
115 
190 


884.56 
887.86 
841.05 


4.026 
8.862 
8.711 


0.2488 
0.2589 
0.2695 


805.2 
808.7 
812.0 


878.8 
876.8 
874.0 


1184.0 
1186.0 
1186.0 



SATUBATED STEAM. 
SATURATED VTKAM^ ChtUintied. 
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P' 


T. 


V. 


w. 


A. 


A«. 


la. 


135 
180 
185 


844.18 
847.12 
850.08 


8.572 
8.444 
8.828 


0.2800 
0.2904 
0.8009 


815.2 
818.4 
821.4 


871.7 
869.4 
867.8 


1186.9 
1187.8 
1188 7 


140 
145 
150 


852.85 
855.59 
858.26 


8.212 
8 107 
8.011 


0.8118 
0.8218 
0.8821 


824.4 
827.2 
880.0 


865.1 
868.2 
861.0 


1189.5 
1190.4 
1191.2 


155 
160 
165 


860.86 
868.40 
865.88 


2.919 
2.888 
2.751 


0.8426 
0.8580 
0.8685 


882.7 
885.4 
888.0 


859 8 
857.4 
855.6 


1192.0 
1102.8 
1198.6 


170 
175 
180 


868.29 
870.65 
872.97 


2.676 
2.608 
2.585 


0.8787 
0.8841 
0.8945 


840.5 
848.0 
845.4 


858.8 
852.0 
850.8 


1194.8 
11950 
1195.7 


185 
190 
195 


875.28 
877.44 
879.61 


2.470 
2.408 
2.849 


0.4049 
0.4158 
0.4257 


847.8 
850.1 
852.4 


848.6 
847.0 
845.8 


1196.4 
1197.1 
1197.7 


200 
205 
210 


881.78 
888.82 
885.87 


2.294 
2.241 
2.190 


0.4859 
0.4461 
0.4565 


854.6 
856.8 
858.9 


848.8 
842.2 
840.7 


1198.4 
1199.0 
1199.6 


215 
220 
225 


887.88 
889.84 
891.79 


2.142 
2.096 
2.051 


0.4669 
0.4772 
0.4876 


861.0 
8680 
865.1 


889.2 
887.8 
886.8 


1200.2 
1200.8 
1201.4 


280 
285 
240 


898 69 
895.56 
897.41 


2.009 
1.968 
1.928 


0.4979 
0.5082 
0.5186 


867.1 
869.0 
871.0 


884.9 
888.6 
882.2 


1202.0 
1202.6 
1208.2 


2-15 
250 
255 


899.21 
400.99 
402.74 


1.891 
1.854 
1.819 


0.5289 
0.5898 
0.5496 


872.8 
874.4 
876.5 


880.9 
829.5 
8288 


1208.7 
1204.2 
1204.8 


260 
265 
270 


404.47 
406.17 
407 85 


1.785 
1.758 
1.722 


0.5601 
0.57U5 
0.5809 


878.4 
880.2 
881.9 


826.9 
825.6 
824.4 


1205.8 
1205.8 
1206.8 


275 
280 
285 


409.50 
411.12 
412.72 


1.691 
1.662 
1.684 


0.5918 
0.6020 
0.612 


888.6 
885.8 
887.0 


828.2 
821.8 
820.6 


1206.8 
1207.1 
1207.6 


290 
295 
800 


414.82 
415.87 
417.42 


1.607 
1.580 
1.554 


0.622 
0.688 
0.644 


888.6 
890.8 
891.9 


819.5 
818.8 
817.2 


1208.1 
1208.6 
1209.1 


805 
810 
815 


418.92 
420.42 
421.92 


1.529 
1.505 
1.481 


0.654 
0.664 
0.675 


898.5 
895.0 
896.6 


816.1 
815.1 
814.0 


1209.5 
1210.1 
1210.6 


820 
825 
880 


428 87 
424.82 
426.24 


1.459 
1.487 
1.415 


0.685 
0.606 
0.707 


898.1 
899.6 
401.1 


818.0 
811.7 
810.6 


1211.1 
1211.8 
1211.7 


886 


427.64 


1.895 


0.717 


402.6 


809.6 


1212.1 
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AdiAbaticfl, definition 16 

** equations for ammonia gas . 884 

" for imperfect gaaes 148 

" " perfect gaaee 01 

" " eatorated vapor 184 

" ** saturated steam 177 

" " superheated steam. ...151 

Air, a perfect gas 9 

** an imperfect gss, equation of 18 

'* compressor 68,801 

" elasticity of i 74.487 

** engine 16 

*' expansion 8 

** ftee expansion 114 

" fricUonof, in pipes 806 

" not a perfect gas 885 

" specific heat 58 

" thermometer 7 

Ammoaia, density of gas tB7 

*' latent heat 828 

'* liquid, specific heat of. 885 

volume....:. 888 

" pressureof 825 

" some properties 885-888 

" superheated 844 

'' testsof plant 848,450 

'* vapor, adiabaUcs of 884 

*' " isothermals of 888 

** ^* specific volume 888 

Binary vapor engine 278 

Calorie 8 

Carbonic acid gas, equation of 18 

Centigrade scale 7 

Cliimney, height of 866 

Circnlatlng fluid 824 

Coal, per horse-power, per hour. . .188, 221 

Combustion 866 

airreqniied 864 

Compressor 801 

Condenser 10, 154 

Cut-off, economical 800,488 

Cycle, definition 17 
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Cycle, Camot's 17,41,188 

" reversible 90 

" non-reverslble 20 

Diagram, ideal of steam 171 

indicator 20 

Draft, forced 865 

Duty of pump 188 

" "injector 286 

" ** refrigerating plant 840 

Bfflciency, definition 160 

" compressor 805 

" elementary engine ....88,168 

" . ideal 181 

" of engine -. 228,280 

"plant a» 

" refrigeration 821, 888, 851 

steam, 176, 177, 178, 182, 198, 200 

Electricity a form of energy 2 

Energy 1,8,28,27 

Engine, air 169,225,286, 296 

" ammonia 274 

** binary 278 

" Bricsson^s 284 

" gas 247 

"history 948 

" "theory 268 

" beat 159,169 

" naphtha 966,270,271 

" perfect elementary. . . 18, 19, 159 

" steam 16(^184 

" Stirling's hot^Or 928,225 

Entropy 186,149 

Equation of gas 10,18,880 

" general of fluids, 48, 196, 181, 137, 

«6 

" represented geometrically, 488, 442 

Ether, Inminiferons 2, 809-887 

" specific heat of 888 

" temperature of 879 

Evaporation, latent heat of 94, 410 

" " "apparent and real419 
" totalheatof 106 
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Evaporation withoat boiling 110 

Svaporatiye power Ill 

ExerciBM, 14, 37, 82, 68, 64, 87, 90, 98, 100, 

109, ISO, 184, 129 

Ezpanaion, adiabatic.lA, 61, 175, 177, 868, 

isothermal .. 14, 64, ITS, 888, 898 

*' raUo of 154, 178, 197, 846 

BxperimentB 818 

Hlmt 818 

" Iftherwood's 814 

" Gately and Eaetsch 814 

Emery'8 816 

Fahrenheit scale 7 

Fire, temperature of 365 

Flald, circulating 884 

" imperfect 18,86 

" perfect 8 

Friction of air in pipes.... 806 

Function, thermodynamic 186 

Furnace 866 

Fuaion, latent heat of 77, 88 

Qaa, engine 847 

" equationof 10 

" flowof.., !.. . 81 

** free expansion of 114 

" imperfect 18,886 

" perfect 8,61 

General formulas 48 

Heat, absorbed 5.88 

" actual 4 

" energy 1 

" engine 17, 1WMI17 

" in liquid and vapor combined ... .148 

" internal 4,410 

" latent 6 

" . " ofexpansion 38 

" " " evaporation 04, 410 

" " " fusion 77,88 

** measnrementof 8 

*^ mechanical equivalent of . . . . 81, 77 

** ofcombnstion 860 

'' transmitted through plates 487 

" totalofsteam 110,407 

♦♦ ♦* " several vapors 407 

♦• velocity of 8 

Heights, measurement of 106 

Ice, melting point 91 

Imperfect fluids 86 

" gas 12 

Indicator diagram 80 

Injector 876 

** compared with pump 889 



9Aam 

Injector, theoi7. JB80 

Internal work 198 

Isengeric 897 

Isentropic 16,897 

Isobar 897 

Isodiabatic 167 

Isodynamlc 897 

Isometric 897 

Isopiestic 89: 

Isothermal expansion 173 

lines 14,106,888 

Jou]e> equivalent 84 

Latent heat 5,94,828,411 

" " fusion 88 

•* •♦ evaporation ... 94 

Law of Gay-Lussac 12 

" " Mariotte 18 

" "Second 88,184 

Light is transmitted 8,809 

Lines, adiabaUcs 16 

** isothermal 14 

** thermal 18,897 

Machine, refrigerating 818 

Mariotte*8 law 18 

Matter, incombustible 868 

Mechanical equivalent of heat 84, 77 

" mixtures 108 

Melting point 89,406 

Miscellaneous 816- 

Multiple expansions 210 

Naphtha engine 806 

Path of fluid 14,67 

Practical considerations 196 

Pressure, constant 89 

**■ and temperature constant.... 97 

** ** volume constant 107 

Pulsometer : 894 

Batio of expansion 845 

Refi :;crator 19 

Befrlgerating machine 818 

Regenerator 106 

Scale, absolute 9 

*' Thomson's 898 

Sound, velocity of 75 

Source 19 

Speciflc heat. .. .89, 49, 68, 77, 118, 180, 407 

" " apparent 180 

" " constant 49 

" " diilerenceof 188 

" " expression for, 80, 81, 117-181 

" " of ammonia gas 886 

" " "UquidammonU 887 

«» " " luminiferous ether. ...J88 
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Bpeciflc heat of saturated vapor . . . 146, 428 

" " solids 108 

" ratioof 64,75,404 

" " real 120 

" " relative 68 

volume...'. 10,98.888 

ofair 10 

" " '' ammonia gas 888 

State, change of 88 

Steam engine 160,218 

" injector 270 

" intemalwork 108,488 

" practice 487 

*^ pamp 181 

" saturated 96 

" ** density of ... 104 

" ^* expansion of 177, 184 

" formulas for .97,411-414 
" '* specific heat of ... 146, 420 

" " total heat of 406 

" superheated 118, 417, 418 

" " expansionof l?i 

" turbine 808 

Stirling's hot4dr engine .228 

Sublimation 106 

Sulphur dioxide 867,449 

Temperature 5 

" absolute 0,116 

'' distribution of , in air 486 

" scale 898 

•• offlre 865 
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Temperature of Inversion 425 

" "space 486 

Thermal capacity 28 

" lines 13,897 

*• . unit 344 

Thermodynamic function 186 

Thermodynamics, first law 27 

" second Uw, 82, 880-^98, 407 

Thermometer C, 7 

air 7 

" zeroof 8 

Turbine, steam 808 

Vapor 9C 

" engines 184,424,427 

" of ammonia 888 

" specific heat of saturated 146 

" total heatof 04,406 

" vt'clghtof 99 

Velocity of heat 2 

" " sound 76 

" "gas ® 

Volume, specific 10 

" of vapor 98 

Water consumption 18^ 

Wave, velocity of 74 

Work 8 

" external ... ® 

•• internal 4,28 

" done »» 

Zero, absolute 8,10,116 
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